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NOTE 


The  electron  paramagnetic  resonance,  discovered  In  19^4  by  the 
Soviet  physicist  Ye.K.  Zavoyskly,  Is  now  one  of  the  most  fruitful  phys 
leal  research  methods.  Its  use  has  yielded  valuable  data  In  the  field 
of  solid  state  physics,  magnetism,  semiconductor  physics,  and  nuclear 
physics.  In  radio,  this  method  has  been  the  basis  for  the  development 
of  a  new  type  of  amplifier  with  exceedingly  low  Internal  noise  level. 
Electron  paramagnetic  resonance  Is  widely  used  In  modern  chemistry, 
and  Its  study  In  biological  objects  has  also  beg\in. 

The  book  contains  a  complete  survey  of  research  In  the  field  of 
electron  paramagnetic  resonance.  The  most  detailed  treatment  has  been 
given  to  the  theoretical  and  experimental  results  pertaining  to  Ionic 
crystals.  It  Is  Intended  for  senior  and  graduate  students  as  well  as 
for  scientists  working  In  physics,  radio,  chemistry,  and  biology. 


PTD-TT-62  1086/1+2 


TABLE  OP  CONTENTS 


Foreword  .  1 

Principal  Notation  .  3 

Chapter  1.  Introduction  .  6 

§1.1  Elementary  Magnetic  Resonance .  6 

§1.2  Paramagnetic  Resonance  .  8 

§1.3  Magnitude  of  the  Effect .  19 

§1.4  Paramagnetic  Resonance  as  a  Branch  of  the 

Theory  of  Magnetism .  22 

§1.5  Paramagnetic  Resonance  and  Spectroscopy.  ...  25 

§1.6  History  of  the  Discovery  of  Paramagnetic  Reso¬ 
nance .  27 

References  to  Chapter  1 .  29 

Chapter  2.  Measurement  Methods .  32 

§2.1  Microwave  Spectroscopes .  32 

§2.2  Methods  of  Measurements  In  the  Radio  Frequency 

Band .  50 

References  to  Chapter  2 .  54 


Chapter  3*  Theory  of  Spectra  of  Ionic  Crystals . 

§3* 1  Introduction  . 

§3*2  Matrix  Elements  of  the  Crystalline  Field  .  .  . 

§3*3  Iron  Group  Element  Compounds  . 

§3*4  Paramagnetic  Resonance  Spectrum  of  Nickel  Ion 

In  an  Axial  Crystalline  Field . 

§3. 5  Hyperflne  Structure  of  Paramagnetic  Resonance 

Spectra . 

§3-6  Parameters  of  the  Crystalline  Field.  The  Jahn- 

Teller  Effect . 

§3*7  Salts  of  Rare-Earth  Elements  . 

§3. 8  Ions  In  the  S  State . 

§3*9  Covalent  Bonds;  3d,  4d,  and  5d  transition 

Groups  . 

§3«10  The  Actinides  . 

§3.11  Influence  of  Exchange  and  Dipole  Interactions 
on  the  Form  of  the  Paramagnetic  Resonance 

Spectrum  . 

§3-12  Forbidden  Spectral  Lines.  Multiple  Quantum 

Transitions  . 

References  to  Chapter  3  . 

Chapter  4.  Spectra  of  Ionic  Crystals.  Experiment . 

§4. 1  Introduction.  Crystallographic  Data . 

References  (§4.1) . 


PTD-  TT-62-1086/1+2 


80 

87 

94 


109 

111 

117 

123 

123 

129 


§4.2  Spln-Hamlltonlan  Constants  for  Solid  Paramagnets  131 

1.  Iron  group  Ions  (L  0)  with  lower  orbital 

singlets  (see  Table  4.1,  pages  138-151-  •  •  •  131 

2.  Iron-group  Ions  (L  O)  with  lower  orbital 

triplet  (see  Table  4.2,  pages  152-155 )•  •  •  •  133 

3.  Rare-earth  Ions  (L  0)  with  odd  number  of 

electrons  (see  Table  4.3,  pages  156-I58).  .  .  134 

4.  Rare-earth  Ions  with  even  number  of  electrons 

(see  Table  4.4,  pages  159-I6O) .  135 

5.  Ions  In  the  S  state  (see  Table  4.5,  pages 

16O-I69) .  135 

6.  Compounds  with  strong  covalent  bond  (see  Table 

4.6,  pages  169-173) .  136 

7.  Compounds  with  anomalous  valence .  174 

References  (§4.2)  .  176 

§4.3  Paramagnetic  Resonance  Spectra  In  Electrolyte 

Solutions .  196 

References  (§4.3) .  200 

§4.4  Use  of  Electron  Paramagnetic  Resonance  for  the 

Determination  of  the  Spins  of  Atomic  Nuclei.  .  .  201 

References  (§4.4) . 202 


Chapter  5*  Form  of  Paramagnetic  Resonance  Absorption  Lines 

In  Ionic  Crystals  and  Acoustic  Paramagnetic  Reso¬ 


nance .  204 

§5*  1  Introduction .  204 

§5*2  Spin-Spin  Interactions  .  207 

§5*3  Spin- Lattice  Interactions .  227 

§5.4  Longitudinal  Relaxation  at  Low  Temperatures.  .  .  242 

§5.5  Experimental  Data  on  Ionic  Crystals .  248 

§5.6  Solutions  of  Paramagnetic  Salts.  Theory .  266 

§5.7  Solutions  of  Paramagnetic  Salts.  Experimental 

Results .  275 

§5«8  Line  Shape  under  Saturation  Conditions  .  280 

§5*9  Cross  Correlation .  284 

§5*10  Acoustic  Paramagnetic  Resonance  .  291 

References  to  Chapter  5 .  298 


Chapter  6.  Metals  and  Semiconductors.  Imperfections  In 
Crystals  . 


§6.1  Effect  on  Conduction  Electrons  . 

§6.2  Effect  of  Skin  Effect  and  Diffusion  of  Electrons 

on  the  Form  of  the  Resonance  Line . 

§6.3  Transition  Metals . 

§6.4  Impurity  Semiconductors . 

§6.5  Color  Centers  In  Ionic  Crystals . 

§6.6  Irradiated  Crystals  with  Covalent  Bond  . 

§6.7  Metal-Ammonia  Solutions.  Paramagnetic  Resonance 

on  Polarons  and  Excltons  . 

References  to  Chapter  6  . 


305 

305 

313 

31? 

324 

332 


350 

355 


Chapter  7.  Free  Radicals .  36I 

§7.1  Introduction.  Hyperflne  Structure  of  Paramagne¬ 
tic  Resonance  Lines  In  Solutions  of  Free 

Radicals .  361 

§7-2  Free  Radicals  In  the  Pure  State .  369 


FTD- TT-62- 1086/1+2 


11  - 


§7 *3  Free  Radicals  In  Solutions .  373 

§7*^  Ii’radlated  Organic  Substances.  Radicals  In 
Polymers  and  Carbons.  Blradlcals  and  Triplet 

States.  Biological  Objects  .  379 

§7»5  Inorganic  Free  Radicals.  Paramagnetic  Gases.  392 
References  to  Chapter  7  .  .  . .  396 

Chapter  8.  Double  Resonance.  Certain  Applications  of 

Paramagnetic  Resonance  .  405 

§8.1  Introduction .  405 

§8.2  Dynamic  Methods  of  Nuclear  Polarization  .  .  4o6 
§8.3  Paramagnetic  Amplifiers  and  Generators  .  .  .  420 

§8.4  Two-level  Paramagnetic  Amplifier  .  428 

§8.5  Three-level  Paramagnetic  Amplifier  .  434 

§8.6  Optical  Methods  of  Investigating  Paramagne¬ 
tic  Resonance .  450 

References  to  Chapter  8 .  460 


FTD-TT -6 2 -1086/1+2 


-  ill 


FOREWORD 

Electron  paramagnetic  resonance,  discovered  in  1944  by  Ye.K. 
Zavoyskly,  has  become  one  of  the  most  powerful  physical  research 
methods.  The  applications  of  electron  paramagnetic  resonance  cover  a 
very  wide  field.  In  Ionic  crystals  It  permits  a  determination  of  the 
magnetic -center  energy-level  structure,  of  the  minor  details  of  the 
crystal-lattice  structure,  and  of  the  parameters  characterizing  the 
magnetization  kinetics;  the  study  of  crystal -lattice  imperfections  Is 
particularly  Interesting.  In  liquid  salt  solutions,  electron  paramag¬ 
netic  resonance  makes  It  possible  to  Investigate  the  construction  of 
the  solvate  shells.  Interesting  data  have  been  obtained  on  the  proper¬ 
ties  of  conduction  electrons  In  metals  and  semiconductors.  For  nuclear 
physics,  paramagnetic  resonance  Is  a  valuable  method  for  the  determina¬ 
tion  of  nuclear  moments  and  is  one  of  the  most  effective  means  of  nu¬ 
clear  polarization. 

The  paramagnetic  resonance  method  Is  particularly  fruitful  In 
chemistry.  It  made  possible  the  first  detection  of  free  radicals  In 
amounts  down  to  10“^®-10"^^  mole.  A  promising  start  toward  a  study  of 
paramagnetic  resonance  In  biological  objects  has  also  been  made. 

Paramagnetic  resonance  has  recently  found  a  very  Important  appli¬ 
cation  In  radio,  for  the  design  of  a  new  type  of  a  low-noise  amplifier. 

All  this  has  made  paramagnetic  resonance  of  great  Interest  at 
present  not  only  to  physicists  but  also  to  chemists,  biologists,  and 
radio  engineers. 

This  book  Is  the  first  attempt  to  provide  as  complete  a  survey  as 
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possible  of  the  research  made  In  electron  paramagnetic  resonance.  To 
limit  the  size  of  the  book  the  authors  had  to  forego  In  most  cases  de¬ 
tailed  derivations  or  detailed  descriptions  of  experimental  methods 
which  Incidentally  have  already  been  described  to  a  considerable  ex¬ 
tent  In  the  available  Russian-language  literature.  Theoretical  and  ex¬ 
perimental  results  pertaining  to  Ionic  crystals  have  been  dealt  with 
In  greatest  detail,  since  such  crystals  are  most  thoroughly  Investi¬ 
gated  by  paramagnetic  resonance  methods. 

The  book  covers  all  the  basic  literature  on  electron  paramagnetic 
resonance  up  to  about  1959*  The  authors  have  attempted  here  to  sum¬ 
marize  all  the  most  Important  theoretical  results  and  the  experimental 
data  that  are  the  most  trustworthy. 

Chapter  I  was  written  by  both  authors.  Chapters  II,  IV,  VII,  and 
§§5*5j  5.7  of  Chapter  V  were  written  by  B.M  Kozyrev;  Chapters  III,  VI, 
VIII,  and  §§5*l-5-^j  5.6,  5.8,  5.9,  and  5.10  of  Chapter  V  were  written 
by  S.A.  Al'tshuler. 

In  conclusion,  the  authors  express  their  deep  gratitude  to  Ye.K. 
Zavoyskly  for  valuable  discussions  concerning  many  problems  considered 
In  this  book.  They  are  also  most  grateful  to  R.Sh.  Nlgmatullln  for  re¬ 
viewing  the  manuscript  of  Chapter  II,  to  V. B.  Shteynshleyger  for  re¬ 
viewing  the  portion  of  the  book  devoted  to  paramagnetic  amplifiers, 
and  to  N. 0.  Koloskova  for  appreciable  help  In  the  compilation  of  the 
tables. 

S.A.  Al'tshuler,  B.M.  Kozyrev 

Kazan',  15  July  1959. 
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PRINCIPAL  NOTATION 


A  —  hyperflne  magnetic  Interaction  constant; 
a  —  spln-Hamlltonlan  constant; 

Sq  —  Bohr  radius; 

B—  hyperflne  magnetic  Interaction  constant; 
c  —  velocity  of  light; 

D,  E  —  spln-Hamlltonlan  constants; 
e  —  electron  charge; 

®eff  ~  effective  charge; 

F  —  spln-Hamlltonlan  constant; 

_g  —  spectroscopic  splitting  factor; 
gQ  —  Lande  factor; 

Syi  82  ”  values  of  g-tensor; 

gjj  —  nuclear  g-factor; 

g(v)  —  function  of  the  paramagnetic  resonance  absorption  line  shape 
Hq  —  Intensity  of  static  magnetic  field; 

Hj,  —  amplitude  of  oscillating  magnetic  field; 

Hj^  —  electron  energy  In  the  crystal  electric  field; 
h  =  27rh  —  Planck's  constant; 

I  —  nuclear -spin  quantum  niunber; 

J  —  electron  shell  total  momentum  quantum  number; 

J,  -  exchange  Integral; 
k  —  Boltzmann's  constant; 

L  —  electron  shell  orbital  momentum  quantum  number; 

M  -  moment  vim  projection  quantum  number; 
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Mj^  —  kth  moment  of  resonance  line; 

M  -  number  of  Ions  per  unit  cell; 

Mjjj  —  number  of  magnetically  nonequivalent  Ions  per  unit  cell; 
m  —  electron  mass; 

Nq  —  number  of  paramagnetic  centers  per  cubic  centimeter; 

Nj^  —  number  of  paramagnetic  centers  at  the  jc  level  per  cubic  cen¬ 


timeter; 

n—  population  difference  between  two  neighboring  spin  sublevels; 

n^  —  population  difference  between  two  neighboring  spin  sublevels 
In  equilibrium  state; 

P  —  hyperflne  quadrupole  Interaction  constant; 

P  —  radio-frequency  field  power  absorbed  per  cubic  centimeter  of 
the  paramagnetic  material; 

^MM'  ~  probability  of  system  transition  from  the  level  M  to  the 
level  M'  under  the  Influence  of  the  oscillating  magnetic  field; 

Q—  quality  factor; 

—  quadrupole  moment  of  the  nucleus; 

^Ik  “  saturation  factor; 

R  —  equilibrium  distance  from  the  center  to  the  vertex  of  the  oc¬ 
tahedral  complex; 

S  —  electron  spin  quantum  number; 

S'  —  effective  spin; 

T  —  absolute  temperature; 

—  longitudinal  paramagnetic  relaxation  time; 

Tg  —  transverse  paramagnetic  relaxation  time; 

—  cross -relaxation  time; 

V  —  average  velocity  of  sound; 

Z  —  nuclear  charge; 

3q  -  Bohr  magneton; 
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Pjj  —  nuclear  magneton; 
y  —  gyromagnetlc  ratio; 

Av  —  width  of  paramagnetic  resonance  line.  In  cycles  per  second; 
^  —  line  width  In  oersteds; 

0  —  Debye  tempera t\ire; 

Xq  —  static  paramagnetic  susceptibility; 

X  —  complex  paramagnetic  susceptibility; 

X'  —  real  part  of  xi 
x"  —  Imaginary  part  of  x^ 

\i  —  magnetic  moment  of  the  particle; 

V  —  frequency  of  oscillating  magnetic  field; 

Vq  —  Larmor  precession  frequency; 
p  —  density  of  the  substance; 
a  —  ultrasonic  absorption  coefficient; 

T  —  spin-lattice  relaxation  time; 
t'  —  spin-spin  relaxation  time. 
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Chapter  I 
INTRODUCTION 

§1.1.  Elementary  Magnetic  Resonance 

Many  modern  methods  used  to  investigate  properties  of  particles 
with  nonzero  magnetic  moments  are  based  on  a  phenomenon  which  can  be 
called  elementary  magnetic  resonance.  The  use  of  this  method  has  en¬ 
abled  Rabi  to  propose  his  well-known  method  of  determining  nuclear  mo¬ 
ments  [1],  Alvarez  and  Bloch  [2]  to  measure  the  magnetic  moment  of  the 
neutron,  Detch  [3]  to  determine  the  fine  structure  of  the  groiind  level 
of  positronl\im,  Kastler  [4]  to  discover  a  new  optical  effect,  etc.  The 
same  phenomenon  serves  as  the  basis  for  paramagnetic  resonance  and  a 
few  other  related  effects  which  occur  in  substances  that  contain  par¬ 
ticles  with  nonzero  magnetic  moments. 

The  nature  of  elementary  magnetic  resonance  can  be  explained  with 
the  aid  of  simple  classical  concepts.  Let  a  particle  having  a  magnetic 
moment  JT  be  placed  in  a  magnetic  field  with  intensity  ITq.  Then  the  mo¬ 
ment  jT  will  precess  about  iTq  with  Larmor  frequency  Vq  =  gQeHQ/47nnQC , 
where  gQ  is  the  Lande  factor,  which  takes  on  the  values  2  and  1  for  par¬ 
ticles  with  pure  spin  and  pure  orbital  electron  magnetism,  respectively. 

Let  us  assume  that  a  weak  magnetic  field  is  applied  perpendicu¬ 
lar  to  the  field  iTq  (Fig.  l.l)  and  rotates  about  iTq  with  frequency  v. 

If  V  =  Vq,  then  the  additional  rotating  moment  produced  by  the  field 
is  always  so  directed  as  to  make  the  magnetic  moment  try  to  occupy 
a  position  in  the  equatorial  plane.  The  result  is  a  rapid  change  in 
the  orientation  of  the  moment  ix. 
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Pig.  1.1.  Elementary  magnetic 
resonance. 


If  the  frequencies  v  and  Vq  differ  noticeably  from  each  other, 
then  the  effect  of  the  field  Is  negligible,  since  the  motion  It  In¬ 
duces  In  the  moment  iT  rapidly  goes  out  of  phase  with  Its  precession. 

For  the  same  reason,  the  effect  of  the  field  will  also  be  small  If  v  = 
=  Vq,  but  the  direction  of  rotation  of  Is  opposed  to  that  of  the 
precession.  As  a  result  of  the  latter  fact,  the  rotating  field  Is  re¬ 
placed  In  practice  by  an  oscillating  one,  which  can  be  regarded  as  the 
superposition  of  two  fields  of  equal  magnitude  but  rotating  In  oppo¬ 
site  directions  at  the  same  frequency. 

It  Is  natural  to  raise  the  question  of  the  extent  to  which  the 
magnitude  of  the  resonance  effect  depends  on  the  acc\u?acy  with  which 
the  frequencies  v  and  Vq  coincide.  The  sharpness  of  the  magnetic  reso¬ 
nance  will  be  the  greater,  the  smaller  the  ratio  H^/Hq. 

Let  us  proceed  to  analyze  the  quantum  relations  In  elementary  mag¬ 
netic  resonance.  Give  the  particle  mechanical  and  magnetic  moments,  the 
maximum  components  of  which  In  the  direction  of  iTq  will  be  denoted  by 
jK  and  n,  respectively.  As  Is  well  known,  p.  =  gQ^J,  and  consequently 
2J  +  1  equidistant  energy  levels*  will  arise  In  the  magnetic  field 
namely: 

where  M  Is  the  magnetic  quantum  number,  J  2  ^  “J* 


-  7  - 


An  alternating  magnetic  field  cos  27rvt  can  Induce  magnetic  di¬ 
pole  transitions  between  neighboring  energy  levels  (AM  =  +1),  provided 
this  field  Is  perpendicular  to  iTq*  and  If  the  following  resonance  con¬ 
dition  Is  satisfied: 

Em  —  £;m-i==41iP^»=Av.  (1*2) 

This  Is  Identical  to  the  classical  condition  v  =  Vq. 

The  alternating  field  will  Induce  transitions  from  the  lower  en¬ 
ergy  levels  to  the  upper  ones  and  vice  versa  with  equal  probability. 

The  probabilities  of  these  nonadlabatlc  transitions  were  calculated  by 
Quttlnger  [5],  Majorana  [6],  and  Rabl  [1]. 

It  can  be  readily  calculated  with  the  aid  of  (1.2)  that  the  Lsir- 
mor  precession  frequency  lies  within  the  radio  or  microwave  bands  for 
all  the  magnetic-field  Intensities  encountered  In  modern  experiments. 
This  Is  a  very  Important  practical  fact,  for  It  makes  It  possible  to 
use  the  highly  sensitive  and  very  convenient  radio  equipment  for  ex¬ 
periments  based  on  elementary  magnetic  resonance. 

§1.2.  Paramagnetic  Resonance 

We  now  proceed  from  an  examination  of  an  Isolated  magnetic  par¬ 
ticle  to  macroscopic  bodies,  which  contain  many  such  particles.  We 
shall  call  such  bodies  paramagnetic  regardless  of  the  magnitude  of  the 
diamagnetic  component  of  the  over-all  magnetic  moment  of  the  substance. 
The  behavior  of  a  paramagnet  In  a  magnetic  field  depends  essentially 
on  the  Interactions  of  the  paramagnetic  particles  with  one  another  and 
with  the  surrounding  diamagnetic  particles.  These  Interactions  will 
contribute  to  the  establishment  of  a  thermodynamic  equlllbrl\nn.  If  the 
latter  Is  disturbed  for  some  reason  or  another.  Therefore,  In  a  static 
magnetic  field  ITq  In  which  an  equlllbrlvun  state  has  been  attained  and 
the  distribution  laws  of  classical  statistics  are  applicable,  the  pop¬ 
ulations  of  the  individual  energy  levels  are  determined  by  the  Boltz- 
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mann  factor  e  .  The  populations  of  the  lower  energy  levels 

are  larger  than  those  of  the  upper  levels,  and  therefore,  If  an  alter¬ 
nating  magnetic  field  at  resonant  frequency  Is  turned  on,  the  number 
of  absorption  events  Induced  by  this  field  exceeds  the  niunber  of  forced 
emission  events;  consequently,  the  substance  will  absorb  energy  from 
the  radio  frequency  field.  Thus,  two  opposing  processes  take  place  In 
the  paramagnet;  the  radio  frequency  field  equalizes  the  populations  of 
the  different  magnetic  levels,  while  the  internal  interactions  tend  to 
restore  the  Boltzmann  distribution,  by  converting  the  absorbed  radio- 
frequency  field  energy  Into  heat. 

The  ultimate  result  Is  a  stationary  state  In  which  the  populations 
of  the  magnetic  levels  stop  varying  and  the  radio  frequency  energy  Is 
uniformly  absorbed  by  the  paramagnet.  If  at  the  same  time  the  Inten¬ 
sity  of  the  alternating  magnetic  field  Is  very  large,  then  the  popula¬ 
tions  of  the  different  magnetic  levels  will  become  equalized  In  the 
stationary  state,  after  which  the  absorbed  energy  will  no  longer  In¬ 
crease  with  increasing  power  of  the  radio  frequency  field  (the  so-called 
saturation  sets  In). 

We  see  that  the  effect  of  resonant  paramagnetic  absorption  Is 
very  tightly  linked  with  processes  that  determine  the  kinetics  of  mag¬ 
netization  of  paramagnets,  or  In  other  words,  with  paramagnetic  relaxa¬ 
tion.  A  very  fruitful  suggestion  In  the  theory  of  paramagnetic  relaxa¬ 
tion  was  that  of  Caslmlr  and  du  Pre  [7,  8],  namely  that  the  magnetiza¬ 
tion  of  the  paramagnet  be  regarded  as  a  two-stage  process  consisting 
of  the  establishment  of  equilibrium  within  the  "spin  system, "  or  the 
system  of  magnetic  moments  of  all  the  paramagnetic  particles,  followed 
by  energy  exchange  between  the  spin  system  and  the  "lattice,"  to  which 
all  the  remaining  degrees  of  freedom  of  the  paramagnet  belong.  Of 
course,  this  consideration  Is  possible  If  the  interactions  inside  the 


spin  system  (spin-spin  Interactions)  are  much  stronger  than  the  Inter¬ 
actions  between  the  spin  system  and  the  lattice  (spin-lattice  Interac¬ 
tions). 

Unless  ultra-low  temperatiires  are  considered,  the  lattice  tempera¬ 
ture  can  be  regarded  as  Invariant,  since  the  specific  heat  of  the  lat¬ 
tice  greatly  exceeds  the  specific  heat  of  the  spin  system.  The  lattice 
therefore  acts  like  a  thermostat  In  which  the  spin-system  Is  Immersed. 
The  spin  system  can  also  be  assigned  a  certain  temperature  which  gen¬ 
erally  differs  from  that  of  the  lattice.  The  establishment  of  equlllb- 
rlvim  between  the  spin  system  and  the  lattice  can  be  regarded  as  an  ex¬ 
change  of  energy  between  these  systems,  leading  to  an  equalization  of 
their  temperatiires.  The  speed  of  this  process  can  be  characterized  by 
the  spin-lattice  relaxation  time,  which  we  denote  by  t.  The  spin-lat¬ 
tice  relaxation  mechanisms  of  different  substances  may  differ  greatly 
from  one  another.  Therefore  the  quantity  t,  in  addition  to  having  a 
strong  dependence  on  the  tempera tiu?e  of  the  paramagnet.  Is  also  char¬ 
acterized  by  variations  over  a  wide  range  on  going  from  one  substance 
to  another. 

The  rate  at  which  equilibrium  Is  established  within  the  spin  sys¬ 
tem  can  be  characterized  by  the  spin-spin  relaxation  time  t'.  Obviously, 
the  very  possibility  of  separating  the  paramagnet  into  a  spin  system 
and  a  lattice  Implies  that  t'  «  t.  Unlike  the  time  t,  the  value  of  t' 
depends  very  little  on  the  lattice  temperature.  We  note  still  another 
difference  between  the  spin-spin  and  spin-lattice  relaxations.  Equi¬ 
librium  Is  established  within  the  spin  system  by  energy  exchange  be¬ 
tween  different  parts  of  the  system,  while  the  total  energy  of  the  spin 
system  remains  constant.  On  the  contrary,  spin-lattice  relaxation  Is 
connected  with  a  change  In  the  energy  of  the  spin  system. 

In  his  phenomenological  theory  of  paramagnetic  resonance,  Bloch 


10 


[9]  Introduced  two  relaxation  times,  longitudinal  and  transverse  Tg 
Assume  that  the  paramagnet  is  placed  in  a  static  field  then  the 
time  T],  characterizes  the  rate  at  which  equilibrium  is  established  if 
the  magnitude  of  the  field  ITq  Is  Instantaneously  changed,  while  its 
direction  is  maintained  constant;  the  time  Tg  determines  the  relaxa¬ 
tion  if  the  direction  of  the  field  is  changed  instantaneously  while 
its  absolute  value  remains  constant.  The  time  T^^  characterizes  the 
balancing  process  associated  with  the  change  in  the  spin-system  energy 
and  can  therefore  be  identified  with  the  spin-lattice  relaxation  time 
T.  The  time  Tg  characterizes  the  speed  of  a  relaxation  process  in 
■  which  the  spin-system  energy  is  constant;  it  can  be  identified  with 
the  time  t'.  However,  the  times  x  and  x'  are  not  always  identical  with 
T^  and  Tg,  since  the  concept  of  longitudinal  and  transverse  relaxation 
times  Tj  and  Tg  can  always  be  Introduced,  whereas  the  times  x  and  x' 
are  meaningful  only  when  x  »  x'.  We  do  not  consider  here  at  all  whe¬ 
ther  the  two  parameters  T^^  and  Tg  suffice  to  describe  the  complicated 
process  of  paramagnetic  relaxation.  We  shall  see  below  that  in  some 
cases  a  large  number  of  parameters  must  be  Introduced  ( see  Chapter  V) . 

The  Internal  interactions  in  the  paramagnet  not  only  cause  it  to 
absorb  energy  from  the  radio  frequency  field,  but  also  broaden  the  para 
magnetic  resonance  lines.  Whereas  for  an  Isolated  particle  the  sharp¬ 
ness  of  the  magnetic  resonance  depends  on  the  ratio  H^^/Hq,  for  a  para^ 
magnet  the  sharpness  of  resonance  and  the  associated  absorption-line 
width  are  determined  by  the  spin-spin  and  spin-lattice  interactions, 
provided  there  is  no  satviratlon.  Let  us  assume  that  the  spin-spin  in¬ 
teractions  are  much  stronger  than  the  spin-lattice  ones.  We  take  two 
neighboring  magnetic  particles.  Assuming  them  Isolated,  in  first  ap¬ 
proximation,  we  can  ascribe  to  each  particle  a  system  of  energy  levels 
(1.1).  Let  the  levels  of  the  two  particles  have  magnetic  quantxmi  num- 
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bers  and  Mg,  respectively.  The  spin-spin  Interactions  give  rise  to 
a  certain  probability  A'  that  the  particles  will  exchange  energy  after 
1  second;  If  the  first  particle  makes  In  this  case  a  transition  to  a 
level  with  magnetic  quantimi  number  +  1,  then  the  second  goes  to  the 
level  Mg  —  1.  The  spin-spin  relaxation  time  t'  will  have  an  order  of 
l/A'j  this  time,  as  we  shall  show,  determines  the  lifetime  of  the  par¬ 
ticles  at  a  definite  magnetic  energy  level,  and  consequently  the  width 
of  the  absorption  line,  due  to  the  spin-spin  Interactions,  can  be  es¬ 
timated  to  be  1/t'. 

If  spin-lattice  interactions  dominate,  then  the  concept  of  the 
time  t'  becomes  meaningless,  but  the  spin-lattice  relaxation  time  t 
can  be  Introduced  if  we  consider  the  probability  that  an  individual 
paramagnetic  particle  will  go  over  under  the  influence  of  thermal  agita¬ 
tion  from  one  magnetic  energy  level  to  another.  If  this  probability 
per  second  is  A,  then  t  ~  l/A  and  the  width  of  the  absorption  line 
will  have  an  order  of  magnitude  1/t.  In  general,  we  can  estimate  the 
width  of  the  absorption  line  to  be  1/t  +  1/t'.  No  rigorous  general  re¬ 
lation  can  be  given  between  the  width  and  the  relaxation  times,  since 
the  width  depends  heavily  on  the  shape  of  the  absorption  line. 

It  follows  from  what  we  know  concerning  the  temperature  dependence 
of  the  relaxation  times,  that  if  the  resonant  paramagnetic  absorption 
line  width  is  determined  by  spin- lattice  Interactions,  It  will  decrease 
rapidly  with  decrease  In  temperature;  on  the  other  hand,  if  the  de¬ 
cisive  role  Is  played  by  spin-spin  Interactions,  the  tempera tiire  de¬ 
pendence  of  the  width  will  be  quite  weak. 

The  Internal  Interactions  In  the  paramagnet  determine  also  the 
position  and  nvimber  of  the  paramagnetic  resonant  absorption  lines.  If 
the  form  of  the  energy  spectrum  resulting  under  the  action  of  the 
field  Hq  were  to  be  Independent  of  the  Internal  Interactions,  the  sys- 
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tern  of  energy  levels  would  be  determined  as  before  by  Formula  (1.1)  If 
In  addition  the  selection  rules  for  transitions  between  these  levels 
under  the  Influence  of  the  alternating  magnetic  field  were  to  be  con¬ 
served,  then  there  would  exist  only  one  absorption  line,  the  position 
of  which  for  a  specified  Intensity  Hq  would  be  determined  by  the  mag¬ 
nitude  of  the  Lande  factor  gQ.  Actually,  however,  whereas  In  many  para- 


x" 


Pig.  1.2.  Plot  of  paramagnetic 
resonance  absorption  In  CrCl^ 

for  X  =  10.87  cm,  T  =  298°K 
(Ye.K.  Zavoyskly,  Sov.  phys. 

10,  197>  19^6).  1)  H,  oersteds. 


Fig.  1.3.  Splitting  of  the 

ground  level  of  the  Cr^"^  Ion 
In  a  trigonal  crystal  field  and 
In  a  magnetic  field  Hq  applied 

parallel  to  the  trigonal  axis. 


magnets  the  system  of  equidistant  magnetic  energy  levels  Is  conserved, 
the  £  factor  deviates  from  Its  value  for  the  free  particle,  owing  to 
Internal  Interactions.  Flgwe  1.2  shows  a  plot  of  pareunagnetlc  reso- 
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Pig.  1.4.  Photographs  of  the  fine  struc¬ 
ture  of  the  spectrum  of  Cr^'*’  In  AlgO^. 
a)  I?Q  parallel  to  the  crystal  trigonal 
axis;  b)  TTq  perpendicular  to  the  crystal 
trigonal  axis. 

nance  absorption  In  chromium  chloride;  the  absorption  maximum  corres¬ 
ponds,  as  can  be  readily  calculated  with  the  aid  of  (1.2),  to  a  factor 

4  '^+ 

g  «  2,  whereas  for  the  ground  state  P3/2  free  Cr-*  Ion,  the 

Lande  factor  has  a  value  2/5.  The  absorption  curve  of  Pig.  1.2  repre¬ 
sents  the  energy  absorbed  by  the  paramagnet  per  second  from  the  radio 
frequency  field,  as  a  function  of  the  Intensity  Hq  of  the  static  mag¬ 
netic  field,  for  In  the  overwhelming  majority  of  cases  the  experiments 
are  carried  out  at  fixed  frequency  v  and  variable  fields  Hq. 

In  condensed  media,  as  pointed  out  by  Klttel  [10],  the  £  factor, 
which  determines  the  splitting  of  the  energy  levels  In  a  magnetic  field, 
does  not  coincide  with  the  factor  that  yields  the  gyromagnetlc  ratio, 
the  latter  factor  being  obtained  by  measuring  the  magnetomechanical 
effects.  We  shall  therefore  follow  Klttel  and  call  the  £  factor  ob¬ 
tained  from  experiments  on  peiramagnetlc  resonance  the  "spectroscopic 
splitting  factor. " 

In  many  paramagnets,  particularly  those  whose  magnetism  Is  not 
purely  spin,  the  system  of  Zeeman  levels  ceases  to  be  equidistant.  Con- 
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sequently,  several  absorption  lines  arise  in  place  of  one,  and  one  ob¬ 
serves,  as  is  customarily  stated,  the  fine  structure  of  the  paramag¬ 
netic  resonance  spectrvim.  In  single  crystals,  the  form  of  the  spectrum 
can  depend  strongly  on  their  orientation  relative  to  the  field  ITq.  By 

way  of  an  example.  Fig.  1.3  shows  the  splitting  of  the  ground  level  of 
3+ 

a  Cr-"  ion  contained  in  an  AlgO^  crystal,  as  a  function  of  the  inten¬ 
sity  of  the  magnetic  field  ITq  applied  parallel  to  the  trigonal  axis  of 
the  crystal.  In  this  figure  e  =  Ejj/D*  x  =  g3HQ/D,  and  2D  is  the  initial 
splitting.  Figure  1.4  shows  photographs  of  the  fine  structure  of  the 
paramagnetic  resonance  spectrum  for  two  different  crystal  orientations, 
with  the  trigonal  axis  parallel  and  perpendicular  to  the  field  Hq. 

It  is  seen  from  Fig.  1.3  that  in  the  absence  of  the  fields  Hq  the 
splitting  of  the  ground  level  of  the  paramagnetic  particles  lies  in 
the  radio-frequency  region.  Th\is,  resonance  absorption  of  energy  from 
a  radio  frequency  field  can  occui*  in  many  cases  under  the  Influence  of 
magnetic  dipole  transitions  between  sublevels  that  exist  in  the  ab¬ 
sence  of  a  static  magnetic  field. 

We  note  finally  that  the  Internal  interactions  change  the  selec¬ 
tion  roles.  For  example,  transitions  become  possible  between  Zeeman 
levels  that  are  not  neighboring,  and  for  a  paramagnet  in  which  these 
levels  eire  equidistant  this  causes  the  appearance,  in  addition  to  the 
principal  absorption  line  corresponding  to  the  Larmor  frequency  Vq,  of 
satellites  at  frequencies  2Vq,  3Vq,  etc. 

The  form  of  the  paramagnetic  resonance  spectrum  depends  on  the 
presence  of  magnetic  moments  in  the  nuclei  of  the  paramagnetic  atoms 
(molecules).  The  magnetic  moments  of  the  nucleus  and  of  the  electron 
shell  Interact  with  each  other  and  with  the  static  magnetic  field  Hq 
to  produce  a  new  system  of  energy  levels  for  the  paramagnet;  ein  im¬ 
portant  factor  here  is  whether  the  field  Hq  Is  strong  enough  to  break 

-  15  - 


t 


\ 


1 


i  '*• 


\J  J  w 


Pig.  1.5a.  HyperfJJie  structiire  of  the 
2+ 

spectrum  of  Mn  In  an  aqueous  solution 
of  MnClg  at  V  =  93^5  Me. 


a  be  c  b 


t  +  ♦  I  i 


Fig.  1.5b.  Effect  of  nuclear  spin  on  the 
2+ 

spectrum  of  Mn  In  an  aqueous  solution 

of  MnClg  at  V  =  147  Mo.  a)  (g  =  l)i 

b)  free  radical  (g  =  2)j  c)  Pe^"^  Impuri¬ 
ties  In  the  ampoule  glass  (g  «  4). 


Pig.  1.6.  Pine  and  hyperflne  structures  of 

2+ 

the  spectrum  of  Mn  In  manganese  apatite  at 

V  «  10^^  cps;  each  of  the  five  fine -structure 
lines  Is  split  Into  six  hyperflne  components. 
(The  narrow  line  In  the  center  of  the  third 
group  Is  due  to  the  free  radical.) 


the  bond  between  the  electron  and  nuclear  moments,  or  whether  the  field 
Hq  Is  so  weak  that  this  bond  remains  vinchanged.  In  the  former  case. 
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the  position  of  the  paramagnetic  resonance  absorption  lines  due  to  the 
magnetic  moments  of  the  electron  shells  of  the  atoms  (molecules)  Is 
conserved,  but  a  hyperflne  structure  appears.  In  that  each  line  breaks 
up  Into  several  components,  the  n\Amber  of  which  depends  on  the  nuclear 
spin.  In  the  latter  case,  the  picture  of  the  spectrvun  Is  completely 
changed,  since  the  £  factors  that  determine  the  positions  of  the  ab¬ 
sorption  lines  assume  entirely  different  values. 

Flgvire  1.5a  shows  the  absorption  spectrum  observed  in  an  aqueous 
solution  of  MnClg  at  v  =  93^5  Me  In  strong  fields  Hq,  ranging  from 
2900  to  3^00  oersteds.  The  center  of  the  spectrum  corresponds  to  g  = 

=  2.000;  this  _g  factor  would  determine  the  position  of  the  absorption 
line  were  It  not  split  by  the  presence  of  the  magnetic  moment  of  the 
manganese  nucleus.  Plgiu’e  1.5b  shows  an  absorption  spectrum  consisting 
of  one  line  and  observed  In  the  same  solution  of  MnClg  at  14?  Me  In 
weak  fields  Hq,  ranging  from  —175  to  +175  oersted.  The  absorption  max¬ 
imum  corresponds  here  to  a  value  of  £  which  Is  practically  exactly 
equal  to  1.  Thus,  the  interaction  with  the  nucleus  In  weak  fields 

reduces  the  £  factor  by  one-half  In  our  case.  Figure  1.6  shows  a  typl- 

2+ 

cal  fine  and  hyperflne  structia^e  of  the  spectrum  of  Mn  ,  observed  In 
an  apatite  single  crystal. 

A  few  other  phenomena  are  closely  related  with  paramagnetic  reso¬ 
nance  absorption.  It  Is  easy  to  conclude  that  the  effect  of  an  alterna¬ 
ting  magnetic  field  on  a  paramagnet  under  the  conditions  of  resonance 
should  be  to  change  Its  magnetization.  The  result  Is  the  appearance  of 
a  strong  dependence  of  paramagnetic  susceptibility  on  the  frequency  v; 
If  V  Is  found  equal  to  Vq,  the  dispersion  of  susoeptlbillty  becomes 

anomalous.  The  rotation  of  the  plane  of  polarization  of  the  radio 
waves  and  other  magnetooptical  phenomena  also  become  anomalous, 
provided  that  the  experimental  conditions  are  such  that  the  mag¬ 
netic  vector  of  the  wave  Is  perpendicular  to  the  applied  static 
magnetic  field  and  that  the  frequencies  v  and  Vq  are  close  to 
each  other. 

We  have  considered  different  aspects  of  the  paramagnetic  resonance 
effect,  and  we  can  now  define  it  In  general  terms. 
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Paramagnetic  resonance  Is  an  aggregate  of  phenomena,  connected 
with  quantimi  transitions  occurring  between  energy  levels  of  macroscopic 
systems  under  the  Influence  of  an  alternating  magnetic  field  of  reso¬ 
nant  frequency. 

We  refer  In  this  definition  to  an  aggregate  of  phenomena,  for 
along  with  paramagnetic  resonance  absorption,  there  Is  observed  also 
paramagnetic  resonance  dispersion,  paramagnetic  resonance  rotation, 
etc.  In  addition,  we  emphasize  here  that  the  phenomena  are  observed  In 
macroscopic  systems,  where  spin-spin,  spin-lattice  and  similar  Inter¬ 
actions  take  place,  which  distinguishes  paramagnetic  resonance  from 
the  resonance  experiments  made  by  Rabl  with  molecular  beams  and  by  Al¬ 
varez  and  Bloch  with  neutron  beams,  etc. 

Finally,  whereas  Debye  dispersion  and  absorption  of  electromag¬ 
netic  waves  In  dielectrics  occur  as  a  result  of  electric  dipole  trans¬ 
itions  due  to  the  electric  component  of  the  wave,  the  phenomena  which 
were  are  studying  are  due  to  magnetic  dipole  transitions,  which  are 
excited  by  an  alternating  magnetic  field. 

In  the  overwhelming  majority  of  cases,  paramagnetic  resonance  Is 
Investigated  by  superimposing  on  the  paramagnet  two  magnetic  fields,  a 
strong  static  field  and  a  weak  alternating  one.  However,  we  have  seen 
with  Cr^^  as  an  example  that  magnetic  dipole  treinsltlons  are  possible 
under  the  Influence  of  a  radio  frequency  field  even  In  the  absence  of 
a  static  magnetic  field.  The  phenomena  connected  with  transitions  of 
this  type  are  also  naturally  ascribed  to  paramagnetic  resonance. 

The  great  difference  In  the  magnitude  of  magnetic  moments  of  the 
electrons  and  the  nuclei  makes  It  natural  to  distinguish  between  elec¬ 
tron  and  nuclear  paramagnetic  resonance,  although  both  the  experimental 
research  methods  and  the  theory  of  both  effects  have  much  In  common. 

One  should  Include  In  nuclear  paramagnetic  resonance  also  nuclear  quad- 


rupole  resonance,  a  phenomenon  due  to  magnetic  dipole  transitions  oc¬ 
curring  in  the  absence  of  an  external  static  magnetic  field  between 
energy  levels  arising  as  a  result  of  interaction  between  nuclear  quad- 
rupole  moments  and  the  electric  field  inside  condensed  media. 

§1.3.  Magnitude  of  the  Effect 

We  proceed  to  establish  certain  quantitative  relationships.  Let 
the  ground  level  of  a  magnetic  particle  be  split  under  the  Influence 
of  an  external  magnetic  field  and  Internal  forces  into  sublevels, 
to  which  we  shall  assign  the  quantum  numbers  M  and  M'.  According  to 
the  quantum  theory  of  radiation,  the  probability  that  the  oscillating 

magnetic  field  cos  2r\vt  will  cause  a  transition  within  one  second 

from  the  level  M  to  the  level  M*  is 

(1.3) 

where  <mIm-v.IM'>  Is  the  matrix  element  of  the  projection  of  the  mag- 
netlc  moment  of  the  particle  along  the  direction  of  the  alternating 
magnetic  field,  and  is  the  mean  spectral  density  of  electromagnetic 
energy,  for  which  we  can  use  in  our  case  the  expression 

(1.4) 

We  have  introduced  here  a  form  factor,  which  takes  accoiint  of  the  fact 
that  the  absorption  line  is  not  Infinitesimally  narrow  but  has  an  ap¬ 
preciable  width.  The  function  g(v)  reproduces  the  absorption  line 
shape  and  is  normalized  so  that 

m 

(1.5) 

If  the  tei^perature  of  the  paramagnet  is  sufficiently  high  to  make 
Ejj  —  Ejj,  =  hv  «  kr,  then  for  a  volume  of  1  cm^,  containing  Nq  magnetic 
particles,  the  difference  in  the  populations  of  the  pair  of  levels  M 
and  M'  will  be 

(1.6) 
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with  the  aid  of  (1.3),  (1.4),  and  (1.6)  we  obtain  the  following  expres¬ 
sion  for  the  power  absorbed  by  a  unit  volume  of  the  paramagnet  In 

transitions  from  the  level  M  to  the  level  M': 

PmM'  —  (Nm  —  Nm‘)  = 

To  obtain  the  total  power  P  absorbed  as  a  result  of  transitions  be¬ 
tween  all  the  sublevels.  It  Is  necessary  to  sum  over  all  the  possible 
values  of  M  and  M' .  Since  the  static  paramagnetic  susceptibility  Is 
[11]: 

2  (1.8) 


we  get 

(1.9) 

The  total  power  Is  of  Interest  If  the  matrix  elements  0 

for  those  pairs  of  levels  which  are  spaced  by  equal  Intervals,  for  In 
this  case  transitions  between  different  level  pairs  produce  one  and 
the  same  absorption  line. 

The  Q  of  the  resonant  circuit  loaded  by  the  paramagnet  can  be  de- 
termlned  from  the  expression 


I 

If 


=2«Vir(»X 


(1.10) 


Maximum  absorption,  which  occvirs  at  a  frequency  v  =  v 
related  with  the  width  Av,  for  If  we  write 


Q,  can  be 


(1.11) 


then  we  see  fran  (1.5)  that  q  »  1.  The  exact  value  of  depends  on  the 
absorption  line  shape;  If  the  line  has  a  Oausslan  shape,  then  q  =  0.939 
If  It  has  a  Lorentz  shape,  then  q  =  O.636  (see  §1.4). 

Formula  (1.7)  Is  valid  If  the  field  Is  regarded  as  being  suffl- 
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clently  small  so  as  not  to  disturb  the  equilibrium  distribution  of  the 
particles  over  the  energy  levels.  With  increasing  Intensity  of  the 
radio  frequency  radiation,  these  disturbances  can  occur  and  can  lead 
to  saturation.  Let  us  establish  a  q\iantltatlve  criterion  for  the  ex¬ 
istence  of  this  effect.  We  consider  the  simplest  case  of  paramagnetic 
particles,  having  only  two  energy  sublevels.  The  population  excess  in 
the  lower  sublevel  above  that  in  the  upper  sublevel  will  be  denoted  by 
n;  let  n  =  nQ  in  the  equlllbrliim  state.  Prom  the  definition  of  the 
spin-lattice  relaxation  time  we  can  conclude  that  in  the  absence  of  a 
radio  frequency  field  the  transition  to  the  equlllbriimi  state  will  be 
determined  by  the  equation 

dn  n — /It 

'di - (1.12) 


f 


In  the  presence  of  a  radio  frequency  field,  the  eqtiatlon  for  n  becomes 

(1.13) 

After  the  stationary  mode  is  established,  we  have 


= [1 4.  iipMM'  r'*  ( 1 .  l4 ) 

If  the  energy  level  in  the  magnetic  field  is  split  into  two  sub- 
levels,  it  can  always  be  related  to  an  effective  spin  S'  =  1/2  and  to 
a  spectroscopic  splitting  factor  the  calculation  of  which  will  be 
described  in  Chapter  III.  We  can  therefore  put 

(1.15) 


Substituting  (1.3)  in  (l.l4)  and  using  (1.4),  (1.11),  and  (1.15)  we 
obtain 


J 


(1.16) 


In  the  equilibrium  state  we  have  n/nQ  =  1,  and  this  ratio  tends  to 
zero  as  saturation  sets  in.  The  quantity  q^  =  n/nQ  is  called  the  satxira- 
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tlon  factor.  If  the  Larmor  precession  frequency  In  a  field  of  Intensity 
Hp  Is  designated  by  v^,  =  then  the  saturation  criterion  Is  the 

following  condition; 

v;>Avi.  (1.17) 

§1.4.  Paramagnetic  Resonance  as  a  Branch  of  the  Theory  of  Magnetism 

The  contemporary  state  of  the  theory  of  paramagnetism  Is  charac¬ 
terized  by  a  changeover  from  investigation  of  the  magnetic  properties 
of  matter  under  static  conditions  to  phenomena  observed  in  alternating 
magnetic  fields.  Modern  theory  of  dynamic  paramagnetism  Is  developing 
along  three  trends:  l)  adiabatic  demagnetization;  2)  paramagnetic  re- 
laxatlon^  and  3)  paramagnetic  resonance. 

The  connection  between  these  trends  is  so  close,  that  some  au¬ 
thors  [12]  believe,  for  example,  paramagnetic  resonance  to  be  part  of 
the  theory  of  paramagnetic  relaxation,  whereas  others  [13 ]>  to  the 
contrary,  regard  paramagnetic  relaxation  as  paramagnetic  resonance  due 
to  transitions  at  zero  frequency.  This  close  relation  permits  a  gen¬ 
eral  theoretical  analysis  of  many  problems  pertaining  to  all  three 
trends,  and  acquiring  mutually  complementary  information  on  different 
physical  constants,  such  as  the  magnetic  specific  heat  of  substances, 
relaxation  times,  etc. 

Whereas  In  the  study  of  the  behavior  of  substances  In  a  constant 
magnetic  field  the  main  characteristic  Is  the  static  susceptibility  Xq* 
on  going  over  to  dynamic  phenomena  the  susceptibility  Is  best  regarded 
as  a  complex  quantity,  X  =  X'  “  ^X"*  The  magnetization  conponent  that 
varies  in  phase  with  the  field  Is  determined  by  the  dynamic  suscepti¬ 
bility  X ' >  while  the  energy  absorbed  by  the  paramagnet  from  the  alter¬ 
nating  field  is  determined  by  the  coefficient  x"*  The  task  of  the 
theory  of  paramagnetic  absorption  and  dispersion  Is  to  establish  the 


dependence  of  the  coefficients  x"  sirid  x'  0*1  the  frequency  of  the  alter 
natlng  field  and  on  the  Intensity  of  the  applied  static  field.  The  gen 
eral  connection  between  the  coefficients  x'  x"  is  given  by  the 
Kramers-Kronlg  relationships  [14] 


Dispersion  formulas  In  closed  form  were  obtained  only  for  gases 
[15].  Naturally,  for  condensed  systems,  with  their  rather  complicated 
Internal  Interactions,  a  simple  solution  can  hardly  be  obtained  for 
this  problem.  It  becomes  necessary  therefore  to  use  approximate  formu¬ 
las.  A  comparison  of  (I.I8)  with  v  =  0  with  (1.5)  gives  the  connection 
between  x"  and  the  line  shape  fxinctlon  g(v): 

3r(v)=-jvx,^(v).  (1.19) 

In  comparisons  with  experiment,  g(v)  Is  usually  described  either  by 
means  of  a  Oausslajn  function,  such  as 

(*+’»>* 

(1.20) 

or  by  a  Lorentz  function 


t  \ 


+  (,  +  »,)« -I- 1a>*, 


(1-21) 


Here  Vq  =  gpHQ/h,  a  =  Av/2  5/2  In  2,  and  Av  Is  the  absorption  line  at 
high  frequencies.  The  second  terms  In  the  right  membt  *s  of  (1.20)  and 
(1.21)  vanish  when  v  »  Avj  the  need  for  Introducing  these  terms  Is 
determined  by  the  parity  of  the  absorption  effect  relative  to  the 


field  Hq  [16]. 

Experiments  on  electron  paramagnetic  resonance  are  carried  out  by 
Investigating  the  dependences  of  x'  and  x"  on  the  magnitude  of  the 
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Pig.  1.7*  Cxirves  showing  para¬ 
magnetic  resonance  absorption 
and  susceptibility  dispersion 
In  MnSOi^  for  v  =  9620  Me  (B.M. 

Kozyrev,  S.G.  Sallkhov,  Yu.Ya. 
Shamonln,  ZhETP  22,  S6,  1952). 
l)  Relative  units;  2)  H,  oer¬ 
steds. 


Pig.  1.8.  CiTTves  of  paramagnetic  reso¬ 
nance  rotation  In  CuSO^^ *51120  (N.N.  Ne- 

prlmerov,  Izv.  AN  SSSR,  ser.  flz.,  l8, 
368,  195^).  1)  Hq,  oersteds. 


field  Hq  with  V  =  const.  Therefore  the  Kramer s-Ktonlg  relations  should 
be  modified  Into  [I6]: 


(1.22) 


where  we  put  P(Hq) 
creasing  function, 
magnetic  resonance 


=  x"(Ho)  “  'n’VXoS2('')'  ^2^^)  Is  a  monotonlcally  de- 
30  that  Its  specific  ejqjresslon  Is  Immaterial.  Para- 
Is  Investigated  In  most  cases  by  measuring  x"(Hq). 
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Paramagnetic  dispersion  under  resonant  conditions  was  first  observed  by 
Zavoyskiy  [17]  In  the  salt  MnSO^^;  further  measurements  of  x'(Hq)  are 
described  In  references  [18],  Plgixre  I.7  shows  typical  paramagnetic 
resonance  absorption  and  dispersion  curves. 

Paramagnetic  resonance  can  be  observed  not  only  by  measuring  x' 
and  x">  l3ut  also  by  studying  the  rotation  of  the  plane  of  polarization 
of  microwaves  In  paramagnets.  Induced  by  a  static  magnetic  field.  Many 
workers  have  considered  the  theory  of  this  effect  [I9]  and  have  made 
suitable  measurements  [20].  A  typical  fp(HQ)  curve  Is  shown  In  Pig.  1.8. 

The  angle  of  rotation  <p  of  the  plane  of  polarization  and  the  para¬ 
magnetic  absorption  are  related  by  the  simple  Integral  equation  [21] 

(1.23) 

c 

Here  e  Is  the  dielectric  constant  of  the  paramagnet. 

The  Integral  relations  (1.22)  and  (1.23)  enable  us  to  monitor  the 
correctness  of  the  form  of  the  experimentally  obtained  paramagnetic - 
resonance  curves.  Recently,  research  was  Initiated  also  on  other  ana¬ 
logs  of  magnetooptical  phenomena  In  the  microwave  region  under  magnetic 
resonance  conditions,  such  as  the  Cotton-Mouton  effect  [22]. 

The  aggregate  of  the  results  obtained  with  the  aid  of  paramagnetic 
resonance  provides  Important  characteristics  of  various  substances.  It 
Is  sufficient  to  mention  the  determination  of  the  magnetic  and  mechan¬ 
ical  moments  of  atoms,  molecules,  or  atomic  nuclei,  the  times  of  p6u?a- 
magnetlc  relaxation,  etc. 

§1.5.  Paramagnetic  Resonance  and  Spectroscopy 

Paramagnetic  resonance  Is  a  component  part  of  spectroscopy,  since 
It  makes  It  possible  to  determine  the  position  of  energy  levels  of  mag¬ 
netic  particles.  It  Is  of  Interest  to  consider  the  features  of  para- 
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magnetic  resonance  as  compared  with  spectroscopy  at  optical  frequencies. 

1.  We  note  first  that  the  range  of  frequencies  used  In  magnetic- 

IT 

resonance  experiments  lies  between  10°  and  cps.  The  use  of  these 

frequencies,  which  lie  beyond  the  Infrared  portion  of  the  spectrum, 
enables  us  to  Investigate  with  great  accuracy  energy-level  splitting, 
which  Is  Inaccessible  or  practically  inaccessible  to  optical  methods. 

2.  At  radio  frequencies  the  probability  of  spontaneous  transi¬ 
tions  is  very  small,  since  It  is  proportional  to  v^.  It  Is  therefore 
necessary  to  deal  only  with  forced  absorption  or  emission  In  the  study 
of  paramagnetic  resonance. 

3.  Whereas  optical  spectra  are  due  In  the  overwhelming  majority 
of  cases  to  electrical  dipole  transitions  between  the  energy  levels, 
paramagnetic  resonance  absorption  lines  arise  exclusively  as  a  result 
of  magnetic  dipole  transitions.  Consequently,  the  Einstein  coefficients 
for  Induced  absorption  and  emission  are  approximately  4  orders  of  mag¬ 
nitude  lower  In  the  case  of  paramagnetic  resonance. 

4.  In  view  of  the  foregoing,  the  effect  of  paramagnetic  resonance 
Is  a  very  fine  onej  It  can  be  detected  not  alone  by  virtue  of  the  high 
sensitivity  of  the  radio  detection  methods  employed,  but  because  of 
the  tremendous  n\miber  of  photons  that  come  Into  play.  Thus,  1  milli¬ 
watt  of  power  corresponds  to  n  »  10^®  photons  of  frequency  10^®  cps 
per  second. 

5.  Prom  the  uncertain  relations  between  the  numbers  of  photons 
and  the  phase  of  the  electromagnetic  wave  it  follows  that  In  our  case. 
In  view  of  the  large  value  of  n,  the  phase  will  be  determined  with 
very  great  accijracy.  A  consequence  of  this  Is  the  possibility  of  con¬ 
sidering  the  electromagnetic  field  In  radio  spectroscopy  as  being  a 
classical  quantity. 

6.  At  optical  frequencies  the  line  width  Is  always  very  small  com- 
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pared  with  the  fundamental  frequency.  In  Investigations  of  paramagnetic 
resonance,  the  relation  between  these  quantities  becomes  entirely  dif¬ 
ferent,  since  the  Interactions  that  bring  about  the  broadening  of  the 
lines  can  have  the  same  order  of  magnitude  as  the  energy  splittings, 
which  determine  the  resonant  frequencies.  Therefore  the  width  of  para¬ 
magnetic  resonance  lines  Is  frequently  comparable  with  the  fundamental 
frequency  and  can  be  measured  with  great  acciiracy.  This  uncovers  great 
possibilities  for  the  investigation  of  different  types  of  Interactions 
In  paramagnets,  by  analyzing  the  shapes  and  widths  of  paramagnetic 
resonance  lines  and  the  character  of  their  dependence  on  different 
factors. 

7.  The  most  Important  factors  that  determine  the  line  width  are 
magnetic  dipole  Interactions,  exchange  forces,  local  electric  fields 
produced  by  the  sxirroundlng  magnetic  particles,  and  finally  thermal 
motion;  the  natural  line  width  of  radio  frequency  spectra  Is  quite 
negligible. 

8.  Unlike  conditions  prevailing  In  optical  experiments,  the  radia¬ 
tion  used  In  radio  spectroscopy  is  so  monochromatic,  that  the  generated 
bandwidth  turns  out  to  be  Incomparably  narrower  than  the  absorption 
line  width. 

9.  Paramagnetic  resonance  spectra  are  Investigated  not  by  measvir- 
Ing  the  frequency  of  the  Incident  radiation,  but  by  measuring  the  nat¬ 
ural  frequencies  of  absorbing  systems.  This  measurement  Is  carried  out 
by  varying  the  static  magnetic  field. 

§1.6.  History  of  the  Discovery  of  Paramagnetic  Resonance 

Paramagnetic  resonance  was  discovered  by  Ye.K.  Zavoyskly  [23]  In 
1944,  In  Kazan';  his  first  experiments  pertained  to  resonant  absorp¬ 
tion  In  salts  of  Ions  of  the  Iron  group,  Zavoyskly 's  discovery  was  pre¬ 
ceded  by  certain  theoretical  assumptions  concerning  the  nature  of  the 


e:5>ected  effect.  Following  the  well-known  e^qjerlments  by  Stern  and  Ger 
lach  on  spatial  quantization,  Einstein  and  Ehrenfest  [24]  advanced  sev 
eral  Ideas  on  quantum  transitions  between  magnetic  sublevels  of  atoms 
xinder  the  Influence  of  equilibrium  radiation.  On  the  basis  of  these 
Ideas,  Dorfman  suggested  In  1923  the  possibility  of  resonant  absorp¬ 
tion  of  electromagnetic  waves  by  paramagnets,  and  called  this  pheno¬ 
menon  the  photomagnetlc  effect  [25]. 

In  1932,  I.  Waller  [26]  published  at  Pauli's  suggestion  a  funda¬ 
mental  paper  containing  a  quantum  theory  of  paramagnetic  relaxation  In 
solids.  This  paper  served  as  the  basis  for  further  development  of  the 
theory  of  dynamic  phenomena  In  paramagnets,  particularly  paramagnetic 
resonance. 

In  the  middle  thirties,  Qorter  and  his  co-workers  [8]  started  a 
systematic  study  of  the  absorption  and  dispersion  of  radio  frequency 
electromagnetic  waves  by  paramagnets  at  10°-3.10'  cps  In  the  presence 
of  static  magnetic  fields.  However,  Gorter's  attempts  at  observing 
paramagnetic  resonance  were  not  fruitful  [27]  In  view  of  shortcomings 
In  the  procedure  and  of  the  Insufficiently  high  frequencies  employed. 

Zavoyskly  [23]  developed  new  highly  sensitive  methods  for  the  In¬ 
vestigation  of  paramagnetic  resonance:  In  place  of  determining  the 
amount  of  heat  released  by  the  paramagnet,  as  did  Gorter,  he  started 
to  measure  the  attenuation  of  the  high-frequency  field  energy  as  a  re¬ 
sult  of  absorption.  To  obtain  fully  resolvable  paramagnetic  resonance 

absorption  lines,  he  expanded  the  range  of  frequencies  employed  to 
q 

3*10^  cps.  He  not  only  succeeded  In  discovering  paramagnetic  resonance 
but  Investigated  many  of  Its  regularities,  and  also  greatly  extended 
the  region  In  which  paramagnetic  relaxation  was  Investigated. 

The  first  theoretical  Interpretation  of  Zavoyskly 's  e3q)erlments 
was  suggested  by  Ya.I.  Frenkel*  [28]. 
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A  natixral  continuation  of  the  study  of  paramsignetlc  resonance  due, 
to  magnetic  moments  of  electrons  was  the  discovery  of  an  analogous  ef¬ 
fect  In  atomic  nuclei,  made  by  Purcell  [29]  and  Bloch  [30]  and  their 
co-workers  two  years  after  the  publication  of  Zavoyskly's  papers. 
Finally,  In  1950,  paramagnetic  resonance  due  to  transitions  between 
quadrupole  energy  levels  of  nuclei  in  crystals  In  the  absence  of  an 
external  magnetic  field  was  discovered  by  Dehmelt  and  Kruger  [31]* 

A  tremendous  number  of  Investigations  based  on  this  method  have 
been  reported  In  recent  years.  In  connection  with  the  great  progress 
made  in  microwave  techniques,  on  the  one  hand,  and  the  observed  rather 
valuable  applications  of  the  paramagnetic  resonance  method  to  the  solu¬ 
tion  of  certain  problems  In  solid  state  physics,  atomic  physics,  chem¬ 
istry,  and  engineering  on  the  other. 
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[Footnotes ] 


If  the  magnetic  moment  of  the  particle  has  both  spin  and  or¬ 
bital  components,  we  assume  that  the  field  Is  incapable 

of  disturbing  the  spln-orblt  coupling. 

If  the  magnetic  particle  is  not  Isolated  but  Is  located,  for 
example.  In  a  crystal  lattice,  then  In  some  cases  resonant 
transitions  are  possible  if  the  alternating  and  static  mag¬ 
netic  fields  are  parallel  (see  Chapter  III). 
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Chapter  II 
MEASUREMENT  METHODS 
§2.1.  Microwave  Spectroscopes 

Modern  procedures  for  the  measvirement  of  paramagnetic  resonance 
are  based  on  the  determination  of  the  change  in  some  parameter  of  an 
oscillating  system  containing  a  paramagnet;  these  changes  may  be  due 
to  paramagnetic  absorption,  dispersion  of  the  susceptibility,  or  rota¬ 
tion  of  the  plane  of  polarization  in  the  investigated  substance. 

Methods  of  this  type  were  first  developed  by  Zavoyskly  both  for 

7  8 

the  frequency  range  10' -10  cps  [1],  and  for  higher  frequencies,  on 
the  order  of  10^  cps  [2],  approaching  the  microwave  band. 

The  experiments  made  prior  to  the  discovery  of  paramagnetic 
resonance  by  Gorter  and  his  school  [3],  aimed  at  determining  the  non¬ 
resonant  paramagnetic  losses  at  frequencies  up  to  10*^  cps,  were  car¬ 
ried  out  by  calorimetric  determination  of  the  heat  released  in  the 
paramagnet.  The  heat  was  determined  from  the  rate  at  which  the  specimen 
was  heated  by  losses  occurring  in  it.  This,  method,  in  view  of  its 
low  sensitivity  and  the  difficulty  in  separating  paramagnetic  absorp¬ 
tion  from  other  types  of  losses  (dielectric  losses,  losses  due  to  elec¬ 
tric  conductivity)  could  not  be  used  to  investigate  paramagnetic  res¬ 
onance.  On  the  other  hand,  the  procedure  of  measiiring  the  dynamic  sus¬ 
ceptibility  x'j  used  by  Gorter,  although  one  of  the  indirect  electrical 
methods,  was  suitable  only  for  very  low  frequencies.  Thus,  it  was  Za¬ 
voyskly  himself  who  laid  the  grotmdwork  for  modern  methods  of  magnetic 
radio  spectroscopy. 
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Different  meaaxirement  techniques,  of  course,  are  used  for  the 
microwave  band  (v  »  10^®  ops),  on  the  one  hand,  and  for  the  radio  band 

Q 

(v  »  10°-10^  cps)  on  the  other.  This  has  caused  some  authors  to  dis¬ 
tinguish  between  radio  frequency  and  microwave  magnetic  spectroscopy. 
Such  a  distinction  is,  however,  little  Justified,  since  the  nature  of 
the  investigated  phenomena  is  the  same  in  both  cases. 

Let  us  first  discuss  the  methods  used  in  the  microwave  band. 

Each  microwave  magnetic  spectroscope  consists  of  the  following  main 
parts:  l)  a  microwave  generator  with  stabilized  frequency  and  stabil¬ 
ized  power  supply,  with  provision  for  monitoring  the  frequency  and  the 
power;  2)  an  absorbing  cell,  made  in  the  form  of  a  cylindrical  or  rec¬ 
tangular  resonant  cavity;  3)  a  detector;  4)  an  amplifying  and  record¬ 
ing  unit,  and  5)  a  soiirce  of  constant  magnetic  field.  In  most  cases 
there  is,  in  addition,  6)  a  unit  for  modulating  the  constant  magnetic 
field  (see,  for  example.  Pig.  2.2). 

A  resonant  cavity  containing  a  sample  of  the  Investigated  sub¬ 
stance  is  placed  between  the  poles  of  an  electromagnet  in  such  a  way 
that  the  static  and  microwave  magnetic  fields  acting  on  the  substance 
are  mutually  perpendicular.  The  sample  is  located  in  such  a  place  in 
. the  cavity,  where  the  microwave  magnetic  field  is  maximal  and  the  elec¬ 
tric  field  is  minimal  (in  order  to  attenuate  the  nonmagnetic  losses). 
During  the  course  of  the  measurements,  the  frequency  of  the  microwave 
generator  exciting  the  electromagnetic  oscillations  in  the  cavity  is 
maintained  constant  while  the  intensity  of  the  static  magnetic  field 
is  varied.  This  e:q)erlmental  procedvire  is  made  necessary  by  the  fact 
that  a  study  of  the  dependence  of  the  paramagnetic  absorption  coeffi¬ 
cient  on  the  frequency  of  the  microwave  field  at  Hq  =  const  would  in¬ 
troduce  additional  experimental  difficulties,  connected  with  the  change 
in  the  generator  power  with  changing  frequency  of  the  radiation  pro- 


duced  by  the  generator. 

There  are  two  types  of  microwave  magnetic  spectrometers.  In  the 
first  the  paramagnetic  resonance  absorption  Is  Investigated  by  deter¬ 
mining  the  change  In  the  power  passing  through  the  resonant  cavity 
containing  the  substance  ( transmltted-wave  method),  and  In  the  second 
It  Is  determined  from  the  change  In  the  power  reflected  from  the  cav¬ 
ity  with  the  specimen  (reflected-wave  method). 

The  transmltted-wave  method  was  first  experimentally  employed  by 
Cummerow,  Holliday,  and  Moore  [4],  who  showed  that  the  coefficient  of 
paramagnetic  absorption  can  be  determined  by  meas\irlng  the  power  at 
the  output  of  the  cavity  resonator. 

The  second  method  permits  the  paramagnetic  absorption  coefficient 
to  be  determined  from  the  coefficient  of  reflection  from  the  cavity 
containing  the  Investigated  substance.  Whltmer,  Weldner,  Hsiang,  and 
Weiss  [5]  constructed  a  microwave  magnetic  spectroscope  operating  on 
the  balanced-T  bridge  method  using  a  dual  tee.  Measurement  of  the 
power  P  resulting  from  the  unbalancing  of  the  bridge  by  the  paramag¬ 
netic  losses,  makes  It  possible  to  determine  the  reflection  coefficient 
Y,  which  Is  connected  with  the  dynamic  susceptibility  of  the  paramagnet: 

P~7*==const(x'*-t-x''*X  ( 2. 1) 

Both  the  transmltted-wave  and  the  reflected-wave  methods  are  used 
In  modern  spectroscopes. 

Before  we  proceed  to  consider  Individual  specific  Installations, 
which  differ  essentially  In  the  methods  used  to  Indicate  the  transmit¬ 
ted  or  reflected  power,  let  us  dwell  on  a  few  factors  that  deteimlne 
the  sensitivity  of  a  magnetic  spectroscope.  By  virtue  of  (1.9)  and 
(1.19),  the  paramagnet  specimen  placed  In  an  oscillating  magnetic  field 
cos  27rvt  absorbs  a  power  P  =  7rvx"H^.  On  the  other  hsind,  the  power 
absorbed  by  the  cavity  Itself  can  be  expressed  by  Pq  =  (l/Qo)''I^V/4, 


where  ^  Is  the  unloaded  Q  of  the  cavity  and  V  Is  Ita  effective  volume. 
Therefore  the  ratio  of  the  power  absorbed  by  the  Investigated  specimen 
to  the  power  dissipated  by  the  cavity  Itself  Is 

(2.2) 

p, - V~' 

We  see  therefore  that  the  apparatus  has  maximum  sensitivity  for  the 
measiirement  of  the  coefficient  of  paramagnetic  absorption  x"  when  the 
unloaded  Q  of  the  resonant  cavity  Is  largest  and  when  the  cavity  vol¬ 
ume  Is  smallest. 


Fig.  2.1.  Equivalent  circuit 
used  In  the  determination  of 
the  sensitivity  of  a  microwave 
spectroscope. 

For  a  specimen  containing  paramagnetic  particles  with  spin  S  = 

=  1/2,  the  absorption  coefficient  will  be  x"  ®  where  Xq  is  the 

static  magnetic  susceptibility  of  the  specimen,  v  the  frequency  of  the 
oscillating  magnetic  field,  and  Av  the  width  of  the  resonance  absorp¬ 
tion  line,  expressed  In  frequency  units.  When  S  =  1/2  and  g  =  2,  the 
static  magnetic  susceptibility  of  one  mole  of  substance  Is  Xq  ==  0.38/1. 
If  the  wavelength  of  the  microwave  generator  is  \  «  3  cm,  and  the 
width  of  the  paramagnetic  resonance  line  Is  on  the  order  of  1  oersted,* 
that  Is,  ~10"^  cm“^,  then  x'^ole  *  ^  room  temperat  re.  Consequently, 
In  order  for  the  Q  of  the  cavity  to  decrease  to  about  one  half  of  the 
loaded  value  Qq,  we  must  place  In  the  case  of  Qq  »  5000  approximately 
10”^  mole  of  our  pairamagnet  In  the  cavity.  If  we  assume  that  the  ef¬ 
fective  volume  Is  V  «  2-3  cra^. 

To  estimate  the  limiting  sensitivity  of  the  spectroscope  we  can. 
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following  Bleany  and  Stevens  [6],  consider  an  equivalent  circuit,  In 
which  the  resonant  cavity  Is  represented  by  a  tuned  network  with  re¬ 
sistance  r  (Fig.  2.1).  The  microwave  radiation  Is  fed  to  the  tuned  net¬ 
work  through  a  self-inductance  M  from  a  generator  with  power  and 
Internal  resistance  R.  The  radiation  Is  detected  by  a  receiver,  the 
resistance  of  which  Is  also  R.  If  the  generator  has  an  angular  fre¬ 
quency  w  and  Is  exactly  tuned  to  the  frequency  of  the  resonant  network, 
then  the  voltage  on  the  Indicator  Is 


r  +  h  * 


p  p 

Where  r'  =  2a)  M  /R. 

Assume  that  the  paramagnetic  absorption  has  changed  the  quantity 
r  by  an  amount  6r;  then  the  change  In  voltage  will  be 


since  r'  depends  on  the  coupling  with  the  resonant  network,  we  can 
tune  the  latter  by  changing  the  coupling  (that  Is,  the  value  of  M). 

The  sensitivity  will  be  maximal  when  the  voltage  6V2  reaches  a  maximum, 
which  occurs  when  r  =  r ' .  Let  us  e:q)ress  SVg  In  terms  of  the  power  Pg 
entering  the  receiver.  We  have  dVg  =  6r(RP2)^/^/(r  +  r').  This  expres¬ 
sion  shows  that  the  fraction  change  '5V2/( RPg ) Is  equal  to  6r/(r  +  r*). 
Althovigh  Pg  Increases  with  Increasing  coupling,  on  the  other  hand  Q 
decreases  with  the  load.  At  the  maxlmimi,  the  change  of  the  Indicator 
voltage,  due  to  the  paramagnetic  absorption,  will  be 


If  the  receiver  has  a  noise  figure  N  and  a  bandwidth  df,  then  the 
output  signal  will  be  equal  to  the  noise  at  the  output,  provided  the 
condition  dVg  =  (NkTdfR)^/^  Is  satisfied. 
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On  the  other  hand,  6r/r  Is  the  ratio  of  the  power  absorbed  by  the 
specimen  to  the  power  dissipated  by  the  cavity,  which  as  we  have  seen 
Is  equal  to  47rx"QQ/Vj  thus,  the  minimum  value  of  x"  that  can  be  de¬ 
tected  by  the  apparatus  satisfies  the  condition 


(2.3) 


If  we  assume  as  before  that  Qq  =  5000  and  X  =  3  cm,  then  for  N  =  10, 

df  =  1  cps,  a  generator  power  of  4o  milliwatts,  and  V  =  2-3  cm^,  the 

-12 

theoretical  mlnlmimi  value  x"jnin  room  temperature.  For 

-4  -1 

an  absorption  line  width  ~10  cm  ,  this  should  correspond  to  a  pos¬ 
sibility  of  detecting  a  signal  against  a  noise  background  from  about 
2.5*10“^^  mole  of  paramagnetic  particles  with  S  =  1/2  (at  300°K).  The 
sensitivity  actually  attained  In  the  apparatus  Is  as  a  rule  much  lower 
than  this  figure  and  depends  greatly  on  many  factors,  particularly  on 
the  method  used  to  measure  the  signal  In  the  apparatus. 

Depending  on  the  method  used  to  Indicate  the  microwave  paramag¬ 
netic  resonance  spectra,  the  existing  spectroscopes  can  be  subdivided 
Into  several  groups:  1)  direct  current  Indication;  2)  detection  fol¬ 
lowed  by  low-frequency  amplification;  3)  double  modulation;  and  4)  the 
superheterodyne  method.  Very  recent  papers  [7 ]  report  the  use  of  the 
spin-echo  method  for  the  Investigation  of  vary  narrow  electron  para¬ 
magnetic  resonance  lines;  this  method  was  previously  used  only  for 
nuclear  paramagnetic  resonance. 

The  first  method  Is  easiest  to  realize,  but  In  view  of  Its  low 
sensitivity  It  was  used  only  during  the  first  stages  In  the  develop¬ 
ment  of  magnetic  radio  spectroscopy,  when  the  work  was  limited  to  In¬ 
vestigations  of  relatively  crude  effects,  occTjrrlng  In  nondllute  para- 
magnets  with  broad  and  Intense  absorption  lines.  In  this  method,  the 
microwave  signal  was  rectified  after  passing  through  the  measurement 
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cavity  (or  after  being  reflected  from  it)  and  was  fed  through  a  com¬ 
pensation  network  to  a  sensitive  galvanometer.  The  paramagnetic  absorp¬ 
tion  curve  was  plotted  "point  by  point,"  with  the  galvanometer  deflec¬ 
tions,  which  were  proportional  to  the  power  flowing  through  the  detec¬ 
tor,  being  noted  for  different  values  of  the  constant  magnetic  field 
intensity  Hq.  For  each  value  of  Hq  the  cavity  was  first  tuned  to  the 
generator  frequency. 

To  proceed  to  an  investigation  of  the  narrower  and  weaker  absorp¬ 
tion  lines,  observed  in  dilute  paramagnets,  it  is  necessary  to  use 
methods  that  yield  greater  sensitivity  and  permit  the  spectral  pattern 
to  be  displayed  on  an  oscilloscope  or  recorded  on  a  chart. 

A  method  satisfying  these  requirements  employs  modulation  of  the 
static  field  Hq  by  a  magnetic  field  of  audio  frequency;  such  modula¬ 
tion  was  first  used  by  Zavoyskly  [1]  in  19^4,  in  work  carried  out  in 
the  radio  frequency  range.  If  the  amplitude  of  the  modulating  field  H, 
for  a  specified  intensity  of  the  static  magnetic  field,  encompasses 
the  region  of  paramagnetic  resonance,  then  a  suitable  modulation  should 
take  place  in  the  power  passing  through  the  cavity  (or  reflected  from 
it).  This  power  modulation  can  be  amplified  and  fed  to  an  oscilloscope, 
the  horizontal  sweep  of  which  is  synchronized  with  the  modulation 
field.  During  each  period  of  modulation,  the  field  will  go  through  the 
resonant  values  of  Hq  twice;  consequently  the  portion  of  the  spectr\im 
encompassed  by  the  modulation  amplitude  (or  the  entire  spectrum,  if 
the  amplitude  is  sufficiently  large)  will  be  displayed  on  the  oscillo¬ 
scope  screen  in  the  form  of  a  double  picture,  symmetrical  with  respect 
to  the  center,  representing  the  dependence  x"(Hq).  This  method  of  in¬ 
vestigating  paramagnetic  resonance  is  essentially  convenient  for  an 
initial  determination  of  paramagnetic  spectra;  a  study  of  the  details 
of  these  spectra  is  more  conveniently  carried  out  by  using  a  modulation 
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amplitude  which  Is  quite  small  compared  with  the  width  of  the  investi¬ 


gated  line.  In  this  case  as  we  gradually  pass  through  Hq  in  the  reso¬ 
nant  region,  we  obtain  a  curve  showing  the  dependence  of  the  derivative 
dx"/dHQ  on  Hq;  it  is  usvially  recorded  automatically  on  a  chart. 


Pig.  2.2.  Microwave  spectro¬ 
scope  with  low-frequency  modu¬ 
lation  of  the  magnetic  field 
( transmltted-wave  method),  l) 
Microwave  generator;  2)  fre¬ 
quency  control;  3)  power  con¬ 
trol;  4)  attenuator;  5)  reso¬ 
nant  cavity  with  the  substance; 
6)  crystal  detector;  7)  low- 
frequency  amplifier;  8)  oscil¬ 
loscope;  9)  phase  shifter;  10) 
modulating  colls. 


Pig.  2.3.  Microwave  spectroscope  with  low- 
frequency  modulation  of  the  magnetic  field 
(reflected-wave  method)  [8].  1)  Stabilized 
power  supply;  2)  klystron  oscillator;  3) 
wave  meter;  4)  attenuator;  5)  phase  shifter; 
6)  hybrid  ring;  7)  plvinger;  8)  crystal  detec¬ 
tor;  9)  loop;  lo)  cavity;  11)  specimen:  12) 
low-frequency  amplifier;  13)  sweep;  14)  elec¬ 
tromagnet;  15)  oscilloscope;  16)  modulating 
coils.  A)  cps. 
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A  block  diagram  of  a  microwave  spectroscope  with  low-frequency 
modulation  of  the  magnetic  field  and  with  a  transmission- type  resonant 
cavity  Is  shown  In  Pig.  2.2. 

Apparatus  using  the  same  field  modulation  but  based  on  the  re- 
flected-wave  method  has  been  described  by  Manenkov  and  Prokhorov  [8]. 
It  Is  shown  In  Pig.  2.3. 

The  main  factor  limiting  the  sensitivity  of  spectroscopes  of  this 
type  Is  the  low-frequency  noise  of  the  crystal  detector.  To  avoid  this 
noise  and  thus  Increase  the  sensitivity,  Berlnger  and  Castle  [9]  con¬ 
structed  a  spectroscope  In  which  a  bolometer  was  used  as  a  detector. 
The  latter  can  detect  power  on  the  order  of  a  milliwatt  without  appre¬ 
ciable  low-frequency  noise.  The  Berlnger  and  Castle  apparatus  uses  the 
transmltted-wave  method.  The  microwave  generator  Is  frequency  stabil¬ 
ized;  the  narrow-band  phase -sensitive  amplifier  Is  controlled  by  a  30 
cps  frequency,  which  Is  used  to  modulate  the  field  Hq.  The  experimen¬ 
tally  estimated  sensitivity  of  this  spectroscope  does  not  differ 
greatly  from  the  theoretically  attainable  value.  A  block  diagram  of 
the  Berlnger  and  Castle  spectroscope  Is  shown  In  Pig.  2.4.  This  spec¬ 
troscope  was  constructed  to  Investigate  very  weak  paramagnetic  reso¬ 
nance  lines,  observed  In  rarefied  gases. 

Another  method  of  Increasing  the  sensitivity  of  radio  spectro¬ 
scopes  was  first  used  to  measure  paramagnetic  resonance  by  Smaller  and 
Jasaytls  [10].  It  consists  of  using  double  modulation  of  the  magnetic 
field.  The  Buckmaster  and  Scovll  spectroscope,  built  on  this  principle 
[11],  Is  no  less  sensitive  than  a  spectroscope  with  a  bolometer.  The 
double  modulation  principle  consists  In  the  following.  The  spectral 
density  of  the  crystal-detector  noise  Is  Inversely  proportional  to  the 
frequency  (at  least  In  the  Interval  1-24- 10^  cps).  Therefore,  If  In 
addition  to  modulating  at  an  audio  frequency  with  high  amplitude 


-  40  - 


the  magnetic  field  Is  modulated  additionally  at  a  frequency  Vg,  suffi¬ 
ciently  high  to  cause  the  fraction  of  the  low-frequency  noise  In  excess 
of  the  thermal  noise  In  the  crystal  detector  to  be  negligibly  small, 
and  If  amplification  at  frequency  Vg  Is  Introduced,  then  the  sensitiv¬ 
ity  (compared  with  the  amplification  at  the  low  frequency)  should  In¬ 
crease  greatly.  We  note  that  the  amplitude  of  the  high-frequency  modu¬ 
lation  method  does  not  exceed  half  the  width  of  the  Investigated  spec¬ 
tral  line  [12]. 

Buckmaster  and  Scovll  used  In  their  spectroscope  a  cylindrical 
cavity,  operating  In  the  H^^i  source  of  microwave  power  Is 

a  generator  operating  at  X  =  1.2  cm.  The  first-modulation  frequency  Is 
—  60  cps,  while  that  of  the  second  modulation  Is  Vg  =  462.5  kcs.  A 
block  diagram  of  this  spectroscope  Is  shown  In  Pig.  2.5.  The  microwave 
power  Is  fed  from  the  reflex  klystron  to  a  transmission-type  cavity  to 
a  diode  crystal  detector.  Connected  ahead  of  the  cavity  are  devices  to 
control  and  monitor  the  received  microwave  power  and  to  measure  the 
wavelength.  The  video  signal  obtained  at  the  output  of  the  crystal  de¬ 
tector  passes  throxigh  an  amplifier  tuned  to  462  kcs  with  gain  10^  and 
bandwidth  8  kcs;  the  amplification  Is  to  a  level  at  which  the  signal 
can  be  detected  linearly.  Either  an  ordinary  linear  or  a  phase-sensi¬ 
tive  detector  can  be  used,  the  output  of  the  detector  being  fed  to  an 
oscilloscope.  In  the  former  case  the  oscillogram  represents  the  modu¬ 
lus  of  the  derivative  of  the  line  shape,  and  In  the  latter  the  deriva¬ 
tive  Itself.  The  time  sweep  voltage  of  the  oscilloscope  Is  obtained 
from  a  phase  shifter  fed  by  the  power  source  of  the  low-frequency  mod¬ 
ulation  of  the  magnetic  field  (Helmholtz  colls).  If  narrow-band  amp¬ 
lification  Is  used,  the  superposition  of  a  magnetic  field  of  frequency 
Is  replaced  by  a  slow  and  linear  variation  of  the  field  Hq. 

The  most  difficult  to  attain  Is  the  high-frequency  modulation, 
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Pig.  2.4.  Microwave  spectro¬ 
scope  using  a  bolometer  [9]. 
l)  Microwave  stabilized  oscil¬ 
lator;  2)  cavltv;  3)  bolometer; 
4)  DC  bridge;  5;  30  cps  amp¬ 
lifier  with  high  gain:  6)  syn¬ 
chronous  amplifier;  7)  30  cps 
generator;  8)  30  cps  power  amp¬ 
lifier;  9)  galvanometer  with 
large  time  constant;  10)  modu¬ 
lation  colls. 


Pig.  2.5.  Microwave  spectro¬ 
scope  with  dual  field  modula¬ 
tion  [11].  1)  Stabilized  os¬ 
cillator;  2)  resonant  cavity 
with  substance;  3)  detector; 

4)  amplifier  for  the  frequen¬ 
cies  Vg  +  Av;  5)  linear  detec¬ 
tor;  6)  amplifier  for  7) 

oscilloscopes;  8]  phase-sensi¬ 
tive  detector;  9)  phase 
shifter  for  Vg;  10)  modulation 

colls  for  Vg;  11)  modulation 

colls  for  v^;  12)  phase 

shifter  for  13)  frequency 

control;  14)  power  control. 


( 


for  It  Is  necessary  for  this  purpose  to  introduce  a  radio  frequency 
magnetic  field  Inside  the  resonant  cavity.  For  this  piu'pose  the  reso- 
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nant  cavity  is  frequently  slotted  In  a  plane  passing  through  Its  axis. 
If  the  width  of  the  slot  Is  small  compared  with  the  wavelength  X,  then 
the  Q  of  the  cavity  Is  changed  little.  The  radio  frequency  field  can 
be  produced  effectively  only  by  modulation  current  flowing  over  the 
Internal  surface  of  the  cavity.  Such  a  current  can  be  made  sufficiently 
large  to  ensure  a  radio  frequency  magnetic  field  with  amplitude  up  to 
50  oersted  at  the  location  of  the  Investigated  substance. 

An  experimental  estimate  of  the  sensitivity  of  the  Buckmaster  and 
Scovll  spectroscope  operating  with  amplification  at  462  kcs  and  an 
amplifier  bandwidth  of  8  kcs  has  shown  that  10“^^  of  a  mole  of  free 
radical  with  a  line  width  3*5  oersted  at  290°K  produces  a  slgnal/nolse 
ratio  of  2/1  for  the  modulus  of  the  derivative  of  the  line  shape.  Cal¬ 
culation  has  shown  that  using  amplification  on  a  very  narrow  band  (1 
cps)  the  maximvim  sensitivity  should  be  on  the  order  of  10"^^  mole  of 
free  radical  at  290°K. 

The  dual  modulation  principle  Is  used  also  In  the  microwave  mag¬ 
netic  spectroscope  of  Semenov  and  Bubnov  [I3].  The  high  and  low  modu- 
latloh  frequencies  are  975  kcs  and  50  cps,  respectively.  The  depth  of 
the  low-frequency  modulation  is  on  the  order  of  300  oersted.  The  spec¬ 
trometer  is  equipped  with  an  automatic  frequency  control  for  the  kly¬ 
stron  oscillator  against  the  operating  cavity.  A  voltage  of  ~15  mv  Is 
fed  to  the  klystron  repeller  from  the  automatic  frequency  control  os¬ 
cillator  (630  kcs).  This  voltage  frequency-modulates  the  microwave  os- 


I 

i 

I 


dilations  produced  by  the  klystron.  If  the  klystron  frequency  devi¬ 
ates  from  that  of  the  cavity,  the  microwave  oscillations  are  ampli¬ 
tude-modulated.  The  phase  of  this  "automatic  frequency  control  signal" 
Is  determined  by  the  sign  of  the  frequency  deviation,  and  the  ampll- 
'•  tude  Is  proportional  to  the  magnitude  of  this  deviation.  After  detec- 
tlon  of  the  microwave  oscillations,  the  control  signal  Is  amplified  by 

-  43  - 


r 


a  tuned  amplifier  (630  kcs,  gain  ~10^)  and  Is  fed  to  a  phase- sensitive 
detector,  from  which  It  Is  applied  to  the  klystron  repeller.  The  end 
result  Is  that  the  klystron  frequency  Is  set  at  the  resonant  frequency 
of  the  cavity  containing  the  Investigated  substance. 

Because  of  the  device  Just  described,  the  microwave  spectroscope 
of  Semenov  and  Bubnov  has  rather  high  operating  stability.  It  Is  there¬ 
fore  most  suitable  for  Investigations  of  the  course  of  chemical  reac¬ 
tions.  If  an  oscilloscope  is  used  for  registration,  its  sensitivity 
corresponds  to  ~4*10“^^  mole  of  dlphenylplcrylhydrazyl  and  ~8*10''^^ 
mole  of  the  same  substance  If  slow  chart  recording  Is  used.  A  block 
diagram  of  the  spectroscope  is  shown  In  Fig.  2.6. 

The  superheterodyne  measvirement  method  was  first  used  for  the 
study  of  paramagnetic  resonance  by  England  and  Schneider  [l4].  It  Is 
based  on  the  use  of  a  balanced  T  bridge  (or  hybrid  ring),  to  which 
power  Is  applied  from  a  meas\iring  klystron  of  frequency  f^  and  from  an 
auxiliary  klystron  of  frequency  fg.  The  frequency  difference  f^  —  fg 
Is  made  eqvial  to  several  times  ten  megacycles.  This  Is  the  Intermediate 
frequency  used  to  amplify  the  signal  resulting  from  the  unbalance  of 
the  bridge  upon  occurrence  of  paramagnetic  absorption.  The  low- 
frequency  noise  of  the  crystal  detector  Is  thus  made  negligibly  small. 
However,  with  increasing  f^  —  fg,  the  noise  of  the  Intermediate- 
frequency  amplifier  Increases.  Taking  both  factors  Into  accovint,  the 
theoretical  optimum  of  f^^  —  fg  lies  close  to  30  megacycles  [15]« 

An  example  of  a  block  diagram  of  a  spectroscope  with  superhetero¬ 
dyne  detection  [I6]  Is  shown  in  Pig.  2.7* 

If  there  Is  no  paramagnetic  absorption,  there  should  be  no  signal 
In  the  fovirth  arm  of  the  bridge  provided  the  tuning  and  the  balancing 
are  exact.  Absorption  produces  an  unbalance  by  changing  the  reflection 
coefficient  and  causes  the  power  In  klystron  1  to  begin  to  flow  In  the 
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Fig.  2.6.  Microwave  spectro¬ 
scope  with  dual  modulation  and 
with  automatic  frequency  con¬ 
trol  [13].  1)  Cavity  with  spec¬ 
imen;  2)  microwave  crystal  de¬ 
tector;  3)  amplifier  (v  =  975 
kcs);  4)  synchronous  detector 
(v  =  975  kcs);  5)  high  fre¬ 
quency  oscillator  (v  =  975  kcs); 
6)  automatic  frequency  control 
amplifier  (v  =  63O  kcs);  7)  DC 
amplifier;  8)  phase  sensitive 
detector  for  automatic  fre¬ 
quency  control;  9)  automatic 
frequency  control  generator 
(v  =  630  kcs);  10)  klystron 
oscillator  (X  =  3.2  cm);  11) 
ferrite  decoupler;  12)  vari¬ 
able  attenuator.  A)  110  v;  B) 
out  I;  C)  out  II;  D)  cps. 


fourth  arm  and  to  mix  In  the  crystal  mixer  with  the  power  from  the 
auxiliary  klystron,  thus  producing  an  intermediate  frequency  signal 
which  is  fed  to  the  amplifier. 

It  must  be  borne  in  mind  that  the  power  6P  reflected  in  the  fourth 
arm  is  not  equal  to  the  absorbed  power  AP,  but  is  only  a  fraction  of 
the  latter;  according  to  Oordy  [17] 

w> 

where  P  is  the  total  power  in  the  cavity. 

The  different  types  of  microwave  magnetic  spectroscopes,  which  we 
have  discussed  briefly,  make  it  possible  to  study  with  great  accuracy 
the  position  of  the  paramagnetic  resonance  line,  and  with  a  somewhat 
lesser  accuracy  the  line  shape. 

The  accuracy  with  which  the  line  position  Is  determined  depends 
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Fig.  2. 7*  Microwave  spectro¬ 
scope  operating  on  the  super¬ 
heterodyne  principle  [l6].  1) 
Klystron;  2^  hybrid  ring  (or 
T-brldge;  3;  resonant  cavity; 

4 1  local  heterodyne;  5)  mixer; 
6)  Intermediate  frequency  amp¬ 
lifier;  7)  automatic  frequency 
control;  8)  video  amplifier; 

9)  oscilloscope;  10)  phase 
shifter;  11)  modulation  colls; 
12)  frequency  multiplier;  13) 
receiver;  14}  proton  flux 
meter. 


Pig.  2.8.  Proton  flux  meter 
[lo].  l)  Coll  with  specimen  In 
magnetic  field;  2)  to  amplifier 
and  oscilloscope;  RPC)  radio 
frequency  colls.  A)  ohm;  B)  p,f; 
C)  kohm;  D)  RPC;  E)  250  v;  P) 
;i^f. 


essentially  on  the  accuracy  with  which  the  Intensity  of  the  constant 
magnetic  field  Hq  Is  measured  at  resonance,  since  the  measurement  of 
the  resonant  frequency  v  can  frequently  be  made  without  leu*ge  errors. 
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The  determination  of  the  intensity  of  the  magnetic  field  reduces 
as  a  rule  likewise  to  a  measurement  of  a  certain  frequency,  namely  the 
frequency  of  proton  paramagnetic  resonance,  observed  at  a  given  mag¬ 
netic  field.  Fliax  meters  constructed  on  the  pro  ton -resonance  principle 
are  presently  used  in  all  cases  where  precision  measurement  of  the 
magnetic  field  is  required.  One  of  the  methods  of  using  proton  reso¬ 
nance  for  the  determination  of  the  paramagnetic  resonance  line  posi¬ 
tion  is  Illustrated  in  Pig.  2.7*  The  frequency  of  the  proton  flux 
meter  is  varied  until  the  positions  of  the  maxima  of  the  electron  and 
proton  resonances,  observed  on  the  screen  of  a  double-beam  oscillo¬ 
scope,  occur  at  one  and  the  same  abscissa.  One  of  the  possible  proton 
flux  meter  circuits  [18]  is  shown  in  Pig.  2.8. 

Understandably,  the  narrower  the  line  and  the  higher  the  fre¬ 
quency  at  which  the  paramagnetic  resonance  is  measured,  the  more  accu¬ 
rately  can  the  line  position  be  determined.  Por  lines  with  AH  »  1  oer¬ 
sted  and  at  frequencies  corresponding  to  the  millimeter  band,  the  ac¬ 
curacy  with  which  the  effective  £  factor  is  determined  reaches  hun¬ 
dredths  of  a  percent.  On  the  other  hand,  in  nondllute  paramagnetic 
salts  with  broad  lines,  the  effective  £  factor  can  be  determined  only 
with  accuracy  not  higher  than  several  tenths  of  a  percent,  and  usually 
even  with  lower  accuracy. 

The  study  of  the  paramagnetic  resonance  line  shape  is  a  more  dif¬ 
ficult  problem.  Because  paramagnetic  absorption  (x")  is  always  accom¬ 
panied  by  dispersion  of  the  magnetic  susceptibility  (x')>  the  observed 
X"(Hq)  line  should  generally  speaking  always  be  deformed  to  some  degree 
or  another  as  a  result  of  the  x'  admixture.  It  is  easy  to  show,  how¬ 
ever  [8],  that  the  Influence  of  the  dispersion  on  the  line  shape  can 
be  neglected  provided  the  following  two  conditions  are  satisfied:  1) 
the  natural  frequency  of  the  cavity  is  strictly  equal  to  the  frequency 
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of  the  microwave  oscillator  vinder  the  conditions  of  paramagnetic  reso¬ 
nance,  and  2)  the  amount  of  paramagnetic  substance  chosen  for  the 
measurement  Is  sufficiently  small  to  make  the  paramagnetic  losses  In 
the  specimen  small  compared  with  the  over-all  losses  In  the  cavity. 

Several  special  methods  were  also  developed  to  separate  the  x"(Ho^ 
or  x'(Hq)  effect  In  pure  form  [19-21].  These  methods  are  Important  If 
condition  2)  cannot  be  satisfied  for  one  reason  or  another. 

A  procedure  for  the  measurement  of  the  paramagnetic  rotation  of 
the  plane  of  polarization  is  developed  in  [22]. 

For  lack  of  space  we  shall  not  stop  to  describe  Individual  units 
and  parts  of  the  apparatus  used  In  microwave  spectroscopes.  This  de¬ 
scription  can  be  found  In  the  books  by  Gordy,  Smith,  and  Trambarulo 
[23],  Strandberg  [24],  Ingram  [I6],  and  also  In  the  specialized  radio 
literature. 

We  confine  ourselves  nere  merely  to  a  description  of  devices  used 
in  low-tempera ttire  and  high- temperature  measurements  of  paramagnetic 
resonance. 

The  first  extensive  Investigations  of  paramagnetic  resonance 
spectra  at  liquid  hydrogen  or  hellimi  temperatures  were  set  up  by 
Bleaney  and  his  co-workers  in  Oxford  [I6].  To  work  at  X  =  1.25  cm  and 
at  liquid  nitrogen  eind  liquid  hydrogen  temperatures  they  used  a  special 
type  of  cylindrical  cavity  with  inside  diameter  12  mm  and  height  from 
6  to  11  mm,  with  the  Input  and  output  coupling  apertures  made  in  the 
upper  cover  of  the  cavity,  for  easier  placement  of  the  latter  In  a 
Dewar  flask.  The  Investigated  crystal  was  mounted  on  a  small  platform, 
covering  a  third  aperture  located  In  the  center  of  the  same  top  cover 
of  the  cavity.  This  platform  was  secured  to  a  long  thln-walled  tube 
made  of  silver,  so  that  the  crystal  could  be  rotated  In  a  chosen  plane 
throvigh  any  angle  relative  to  the  external  magnetic  field.  Wave  guides 
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supplying  microwave  power  to  the  cavity  were  made  of  thln-wall  sliver, 
with  Inside  dimensions  2. 5x6  mm,  and  filled  with  dlstyrene  almost  to 
the  upper  uncooled  end,  where  they  gradually  taper  down.  A  section 
through  such  a  cavity  Is  shown  In  Pig.  2.9.  Similar  devices  are  used 
also  for  other  wavelengths. 


1.1 


Pig.  2.9*  Cavity  for  measure¬ 
ments  at  low  temperatures  on  a 
wavelength  of  1.25  cni  [l6]. 


Fig.  2.10.  Cavity  with  aper¬ 
tures  for  measurements  at  low 
temperatures. 


In  addition  to  the  foregoing  meas^lrement  method,  others  are  also 
used  at  low  ten^jeratures .  In  particular,  the  use  of  a  rectangular  cav¬ 
ity  operating  on  the  Hq^2  n^ode  or  a  cylindrical  one  on  the  mode 

offers  great  advantages.  The  distribution  of  the  magnetic  force  lines 
of  the  microwave  field  In  such  cavities  Is  shown  In  Pig.  2.10.  An  aper 
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ture  Is  cut  In  the  narrow  wall  of  the  cavity  ( or  in  the  end  of  the 
cylinder),  and  a  vessel  made  of  foamed  plastic  containing  the  investi¬ 
gated  substance  Is  Inserted  In  this  aperture  [13]*  If  the  required  con¬ 
ditions  regarding  the  position  and  dimensions  of  the  aperture  are  sat¬ 
isfied,  the  presence  of  this  aperture  does  not  Influence  greatly  the  Q 
of  the  cavity,  and  consequently  the  sensitivity  of  the  apparatus.  Of 
course,  the  necessary  condition  for  any  measurement  with  a  Dewar  flask 
or  with  a  foamed-plastlc  vessel,  placed  Inside  a  cavity.  Is  high  sta¬ 
bility  of  the  spectroscope,  so  that  the  boiling  of  the  cooled  liquid 
does  not  cause  any  distortion  In  the  observed  spectrum.  Such  a  pro¬ 
cedure  makes  It  possible  to  make  measurements  at  both  low  and  high 
temperatures  [25].  Investigations  at  high  temperatures  can  also  be 
carried  out  with  the  aid  of  a  special  heater  described  in  [26]. 

It  must  be  mentioned  that  in  some  cases  (for  example.  In  the  In¬ 
vestigation  of  relaxation  time  by  the  method  of  paramagnetic  resonance 
line  saturation)  It  becomes  necessary  to  use  high  amplitudes  of  the 
microwave  magnetic  field.  It  is  customary  to  use  pulse  techniques  for 
this  pwpose  [27,  28]. 

§2.2.  Methods  of  Measurements  In  the  Radio  Frequency  Band 

Two  types  of  methods  are  used  at  present  to  measure  x"(H)  In  the 
radio  frequency  band:  one  can  be  called  the  method  of  reaction  on  the 
generator,  and  the  other  Is  based  on  the  determination  of  the  change 
In  Q  of  a  resonant  circuit  (or  a  cavity)  resulting  from  the  paramag¬ 
netic  losses. 

As  already  mentioned,  Gorter's  first  Investigations  of  nonreso- 
nant  paramagnetic  absorption,  observed  at  low  frequencies,  were  car¬ 
ried  out  by  a  direct  calorimetric  method.  The  inconvenience  of  this 
method,  and  the  fact  that  It  cannot  be  employed  at  higher  frequencies, 
have  Induced  Zavoyskly  to  go  over  to  Indirect  electric  methods  of  de- 

-  50  - 


temlnlng  the  paramagnetic  losses.  He  developed  the  method  of  reaction 
on  the  generator  [1,  2],  which  Is  widely  used  at  present  to  study  both 
electron  and. nuclear  paramagnetic  resonance  [29,  30]* 

When  working  In  the  radio  frequency  band,  the  Investigated  sub¬ 
stance  Is  usually  placed  not  In  a  resonant  cavity,  but  In  a  self -Induc¬ 
tance  coil,  comprising  part  of  the  tank  circuit  of  an  electronic  self- 
oscillator  or  Inductively  coupled  to  the  latter.  The  Zavoyskly  radio 
frequency  measurement  procedure  is  based  on  the  fact  that  a  change  In 
the  active  power  load  AW  of  the  generator  producing  the  electromagnetic 
oscillations  causes.  If  certain  conditions  are  satisfied,  a  propor¬ 
tional  change  In  the  grid  c\irrent,  AI  ,  or  in  the  anode  current,  AI  , 

O 

of  the  generator.  AW  should  be  proportional  to  AI  or  AI  If  the  power 

O  ® 

dissipated  by  the  substance  as  a  result  of  paramagnetic  absorption  is 
small  compared  with  the  over-all  losses  In  the  tank  circuit. 

Work  with  magnetic  spectrographs  In  the  radio  frequency  band  be¬ 
comes  much  more  convenient,  and  their  sensitivity  Is  greatly  Increased, 
If  the  constant  magnetic  field  is  modulated  by  a  low-frequency  field. 
This  modulation,  to  which  we  already  referred  in  the  preceding  section, 
was  first  used  by  Zavoyskly  precisely  for  the  radio  frequency  band. 

The  simplest  schematic  diagram  of  a  setup  operating  by  the  Zavoy¬ 
skly  method  is  shown  In  Fig.  2.11. 

To  measvire  the  absolute  values  of  the  paramagnetic  absorption  In 
the  radio  frequency  band,  a  very  simple  method  was  used  In  [31].  This 
method  consisted  of  determining  the  change  in  the  Q  of  the  tank-circuit 
Inductance  coll  with  the  aid  of  a  somewhat  modified  Q  meter.  These 
changes  in  the  Q  are  proportional  to  the  value  of  x"! 

AQ  =  — 4ina"Q*, 

where  tj  Is  the  filling  factor  of  the  coll.  Similar  setups  were  proposed 
earlier  for  the  measurement  of  nuclear  magnetic  resonance  [30]. 


Pig.  2.11.  Block  diagram  of  a 
radio  spectroscope  operating 
by  the  method  of  reaction  on 
the  generator  [  1  ].  1)  Modula¬ 
tion  winding  of  the  electro¬ 
magnet;  2)  to  low-frequency 
amplifier. 

Radio  spectroscopes  In  which  the  absorbing  cell  Is  the  tank  cir¬ 
cuit  Inductance  coll  have  advantages  In  that  It  Is  more  convenient  to 
place  the  Investigated  substance  In  the  high  frequency  field  and  It  Is 
easier  to  carry  out  the  measurements  at  either  low  or  high  temperatures. 
However,  the  low  Q  of  the  colls  makes  such  setups  not  always  suffi¬ 
ciently  sensitive.  Therefore  In  some  cases  when  particularly  high  sen¬ 
sitivity  Is  required,  the  Inductance  coll  of  the  radio  spectroscope  Is 
replaced  by  a  high  Q  cavity.  A  spectroscope  of  this  type  was  con¬ 
structed  by  Peher  and  Kip  [32]  to  measure  paramagnetic  resonance  In 
metals.  A  block  diagram  of  this  spectroscope  Is  shown  In  Pig.  2.12. 

The  use  of  a  synchronous  detector  has  resulted  In  this  apparatus  In  a 
further  Improvement  In  the  slgnal/nolse  ratio. 

To  conclude  this  chapter,  let  us  dwell  briefly  on  the  sotirces  of 
constant  magnetic  field  used  In  the  Investigation  of  paramagnetic  reso¬ 
nance.  In  experiments  carried  out  In  the  microwave  band,  where  the 
resonant  values  of  Hq  usually  range  from  3000  oersteds  upweu?ds  the  only 
suitable  sotirces  capable  of  producing  such  fields  are  electromagnets. 
Inasmuch  as  pziramagnetlc  resonance  lines  are  In  the  majority  of  cases 
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tens  and  sometimes  even  hundreds  of  oersteds  wide,  no  stringent  re¬ 
quirements  are  Imposed  on  the  homogeneity  of  the  magnetic  field.  In 
Individual  cases,  however,  very  narrow  lines  can  also  be  observed,  on 
the  order  of  tenths  of  an  oersted.  For  such  measurements  electromag¬ 
nets  such  as  employed  In  nuclear  magnetic  resonance  are  used,  with 
suitable  stabilization  [29]. 


Pig.  2.12.  Block  diagram  of  a  radio  spectro¬ 
scope  operating  on  the  principle  of  measur¬ 
ing  Q  with  a  phase -sensitive  detector  [32]. 

1)  Modulation  colls  used  to  produce  a  sinus¬ 
oidal  magnetic  field;  2)  modulation  colls 
used  to  obtain  a  slowly  varying  magnetic 
field;  3)  colls  used  to  obtain  a  constant 
magnetic  field;  4)  hlgh-Q  cavity  (Q  =  1000- 
1500);  5)  high-frequency  generator;  6,7) 
matching  transformers;  o)  vacuum  tube  de¬ 
tector;  9)  narrow  band  amplifier;  10)  syn¬ 
chronous  detector;  11)  amplifier  to  supply 
the  colls;  12)  oscilloscope  with  DC  ampli¬ 
fier;  13)  amplifier  for  automatic  recorder; 
14)  sawtooth  voltage  generator;  15)  generator 
for  sinusoidal  reference  volteige;  16)  auto¬ 
matic  recorder;  17)  power  supply  for  colls  3* 


In  measvirements  of  electron  paramagnetic  resonance  at  radio  fre¬ 
quencies  It  Is  possible  to  produce  the  constant  magnetic  field  not 
only  with  electromagnets  but  also  with  Helmholtz  colls,  since  the  re¬ 
quired  field  Intensity  Is  not  large  In  this  case.  A  determination  of 
the  positions  of  the  paramagnetic  resonance  lines  In  the  radio  fre¬ 
quency  band  Is  carried  out  either  by  measuring  the  resonant  field  In¬ 
tensity  Hq  with  a  proton  flux  meter  or  by  means  of  a  standard  substance, 
such  as  dlphenylplcrylhydrazyl,  for  which  the  value  of  the  £  factor  is 
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Icnovm  with  sufficient  accuracy. 
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[Footnotes ] 

A  line  width  of  this  order  Is  usually  observed  In  free  rad¬ 
icals. 

Alloys  of  low  heat  conductivity  (melchlor,  stainless  steel, 
etc. )  are  presently  used  most  frequently  for  this  purpose. 
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46  PMK  =  RChK  =  radlochastotnyye  katushkl  »  radio- frequency  colls 

52  c  =  s  =  setochnyy  =  grid 

52  K  “  k  =  kontur  =  tank  circuit 

52  cB  =  sv  »  [svyazl  *  coupling] 

52  n  =  P  =  [not  Identified] 
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Chapter  3 

THEORY  OP  SPECTRA  OP  IONIC  CRYSTALS 
§3.1.  Introduction 

The  most  widely  Investigated  among  the  various  classes  of  para- 
magnets  are  Ionic  crystals.  Paramagnetic  properties  are  possessed  by 
Ionic  crystals  containing  transition  group  elements,  for  only  the 
atoms  of  these  elements  retain  unfilled  electron  shells  during  the 
crystal  formation  process. 

To  construct  a  theory  for  the  energy  structtire  of  Ionic  paramag¬ 
netic  crystals  It  Is  necessary  first  of  all  to  take  Into  account  the 
Interactions  of  the  electrons  with  one  another  and  with  the  nucleus 
within  each  Ion,  and  then  take  Into  account  the  electrostatic,  mag¬ 
netic,  and  exchange  Interactions  between  the  different  Ions,  and 
finally  the  effect  of  the  external  magnetic  field.  Magnetic  and  ex¬ 
change  forces  produce  narrow  quasl-contlnuous  energy  bands,  for  these 
forces  are  small  In  substances  with  not  too  high  a  magnetic  concentra¬ 
tion,  and  the  number  of  possible  orientations  of  the  moments  of  the 
magnetic  particles  of  the  crystal  relative  to  one  another  Is  tremen¬ 
dous.  As  a  result,  the  magnetic  and  exchange  Interactions  do  not  In¬ 
fluence  as  a  rule  the  form  of  the  paramagnetic  resonance  spectrum*  and 
cause  only  a  broadening  of  Individual  lines.  We  shall  therefore  dwell 
on  these  Interactions  In  Chapter  3,  which  Is  devoted  to  the  absorption 
line  shape. 

We  shall  take  an  approximate  account  of  the  electrostatic  Inter¬ 
action  between  free  Ions  by  assuming  that  each  Ion  Is  In  a  certain  av- 
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erage  electric  field  produced  by  all  the  surrounding  particles.  We 
shall  call  this  the  crystalline  field  for  short.  The  action  of  the 
crystalline  field  Is  always  weaker  than  the  Coulomb  Interaction  be¬ 
tween  the  electrons  In  the  atom.  We  can  therefore  use  the  self  con¬ 
sistent  field  method  and  speak  of  the  configuration  of  the  electrons 
forming  the  unfilled  shell  of  the  paramagnetic  Ion.  The  electron  con¬ 
figurations  corresponding  to  various  transition  groups  are  for  the 
Iron  group  (from  T1  to  Cu),  4d’^  for  the  palladivim  group  (from  Zr  to 
Ag),  4f^  for  the  rare  earth  group  (from  Ce  to  Yb),  Sd*^  for  the  plat¬ 
inum  group  (from  Hf  to  Au),  and  6d5f'^  for  the  actinides  (from  U  on). 

The  self  consistent  field  method  does  not  take  full  account  of 
the  electrostatic  Interaction  between  electrons.  The  calculations, 
which  are  usually  carried  out  by  the  perturbation  method,  therefore 
call  for  a  knowledge  of  the  relationship  between  the  unaccounted  for 
part  of  the  electrostatic  repulsion  between  electrons,  the  magnetic 
couplings  between  their  spin  and  orbital  moments,  and  the  forces  of 
the  crystalline  field.  Three  cases  are  possible.  The  crystalline  field 
Is  called  weak  If  It  Is  unable  to  break  the  bond  between  the  orbital 
and  spin  moments  of  the  entire  \mfllled  electron  shell.  The  field  Is 
assumed  average  If  Its  action  Is  stronger  than  the  spln-orblt  coupling 
of  the  electrons,  but  much  weaker  than  the  Interaction  between  In¬ 
dividual  electrons.  Finally,  the  field  Is  called  strong  if  Its  action 
Is  much  stronger  than  the  bond  between  the  electrons  of  the  unfilled 
shell.  The  first  two  cases  are  realized  In  hydrated  salts  of  rare- 
earth  elements  and  the  Iron-group  elements,  respectively.  A  strong 
field  Is  not  encountered  In  pure  form,  for  If  the  crystal  field  becomes 
considerably  stronger  than  the  interaction  between  Individual  elec¬ 
trons,  then  the  covalent  bond  between  the  paramagnetic  atom  and  Its 
immediate  vicinity  always  begins  to  assume  an  appreciable  role  in 


-  57  - 


place  of  the  Ionic  bond.  The  character  of  splitting  of  the  energy 
levels  of  paramagnetic  Ions  by  the  crystalline  field  depends  to  a 
great  degree  on  the  symmetry  of  this  field.  This  has  enabled  Bethe  [1] 
to  present  a  qualitative  solution  of  this  problem  with  the  aid  of 
group  theory.  Tables  3«1  and  3*2  Indicate  how  the  electron  levels  are 
split  for  the  cases  of  Integral  and  half-integral  momentum  quantum 
number  J.  The  third  and  following  columns  show  how  many  energy  sub- 
levels  are  produced  In  a  field  of  corresponding  symmetry,  and  the  num¬ 
bers  In  the  parentheses  denote  the  degree  of  degeneracy  of  these  sub- 
levels. 

We  see  from  Table  3*2  that  In  the  case  of  a  half-integer  spin  the 
energy  sublevels  always  remain  at  least  doubly  degenerate.  This  fact 
Is  the  consequence  of  Kramers'  general  theorem  [2],  which  Is  of  funda¬ 
mental  significance  In  the  theory  of  paramagnetism.  The  theorem  states 
that  the  electric  forces  are  unable  to  eliminate  completely  the  degen¬ 
eracy  of  the  energy  level  of  a  system  containing  an  odd  number  of  elec¬ 
trons.  It  follows  therefore  that  paramagnetic  resonance  can  always  be 
observed  In  paramagnetic  Ions  containing  an  odd  number  of  electrons, 
for  by  eliminating  the  degeneracy  of  the  ground  states,  the  magnetic 
field  can  produce  splittings  that  lie  In  the  radio  frequency  range.  If 
the  number  of  electrons  Is  even,  then  all  levels  may  turn  out  to  be 
simple  even  In  the  absence  of  a  magnetic  field,  and  the  distance  be¬ 
tween  them  may  be  so  large  that  no  practically  attainable  magnetic 
fields  can  bring  them  close  enough  together  to  make  resonant  absorption 
of  radio  frequency  radiation  possible. 

The  Influence  of  the  crystalline  field  on  the  static  susceptibil¬ 
ity  of  paramagnetic  salts  was  first  considered  by  Van  Vleck  [3].  Penney 
and  Schlapp  made  detailed  calculations  for  several  rare-earth  salts 
[4]  and  Iron-group  elements  [3]>  Analogous  calculations  were  made  then 
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*See  page  93  concerning  Icosahedral  symmetry  In  Ionic  crystals. 

1)  Splitting  In  a  field  ofj  2)  Icosahedral  symmetry;  3)  cubic  symmetry; 
4)  trigonal  symmetry;  5)  tetragonal  symmetry;  6)  rhombic  symmetry;  7) 
total  splitting;  8)  degree  of  degeneracy  of  the  level  of  the  free  atom. 
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13/2 
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14 
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1)  Degree  of  degeneracy  of  the  level  of  the  free 
atom;  2)  splitting  In  a  field  of;  3)  Icosahedral 
symmetry;  4)  cubic  symmetry;  5)  lower  symmetry. 


by  other  authors  [6],  but  only  after  experimental  material  on  paramag¬ 
netic  resonance  in  Ionic  crystals  was  acciunulated  did  It  become  pos¬ 
sible  to  construct  a  consistent  theory  of  energy  spectra  of  paraunag- 
netlc  Ions. 

§3.2.  Matrix  Elements  of  the  Crystalline  Field 

To  calculate  the  effect  of  the  crystalline  field  on  the  energy 
f'  levels  of  paramagnetic  ions  by  the  perturbation  method  it  is  necessary 

4  0 

first  to  calculate  the  energy  matrix  elements  of  the  electrons  of 
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the  unfilled  shell  in  the  electric  field  of  the  crystal.  The  energy 


can  be  represented  In  the  form 

yt,  Zi\ 


(3.1) 


where  V  Is  the  potential  of  the  crystalline  field  and  x^,  y^^,  are 
the  coordinates  of  the  1-th  electron  of  the  unfilled  shell.  Assvimlng 
that  the  electron  shells  of  the  paramagnetic  atoms  and  of  the  par- 
tides  surrounding  It  do  not  overlap  and  that  coiisequently  the  poten¬ 
tial  V  satisfies  the  Laplace  equation,  we  can  expand  the  potential  In 
a  series  of  spherical  functions: 


1^=2!  »)• 


(3.2) 


This  expression  can  be  greatly  simplified  and  only  a  few  terms  of  the 
series  retained.  Only  the  d  and  f  shells  of  the  paramagnetic  atoms  can 
be  unfilled  In  Ionic  crystals.  In  calculating  the  perturbation  matrix 
Hjq,  with  the  aid  of  the  d-electron  wave  functions,  the  spherical  func¬ 
tions  with  n  >  4  give  matrix  elements  eqxxal  to  zero  [7].  Precisely  In 
the  same  way,  the  terms  of  the  series  (3.2)  with  n  >  6  can  be  left  out 
In  the  case  of  f  electrons.  It  Is  also  necessary  to  discard  the  terms 
of  the  series  with  odd  n,  for  the  matrix  elements  of  odd-order  spheri¬ 
cal  functions  vanish  by  virtue  of  the  Invariance  of  the  electron  wave 
functions  under  the  Inversion  transformation;  account  Is  taken  here  of 
the  fact  that  all  the  crystals  Investigated  to  date  have  a  symmetry 
center.  The  term  with  n  =  0  yields  an  Inessential  additive  constant, 
which  can  be  set  equal  to  zero.  Finally,  the  fact  that  V  Is  real  leads 


to  A™  =  (A”™)*.  Equation  (3.2)  can  be  further  simplified  by  taking 
Into  accovint  the  symmetry  of  the  crystalline  field.  We  notice  that  the 
surface  spherical  function  Y^(i),(p)  has  axial  symmetry  If  m  =  0,  tet¬ 
ragonal  symmetry  If  m  =  +4,  trigonal  symmetry  If  m  =  +3,  hexagonal  sym- 
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metry  if  m  =  ±6,  and  finally  rhombic  symmetry  If  m  =  +2.  It  follows 
therefore  that  If  we  denote  A®r”Y^(i>,qp)  by  and  [A^y^(i>,<p)  + 

+  A^”'’y"”'(i>,(p)  by  ,  then  the  potentials  of  the  fields  of  different 

symmetries  will  have  the  form: 


^Tcip  —  +  t'l 4- 4- (tetragonal)^  (3»3a) 

V'Tp..r  =  t^+i/f+i4+W+£/|+W  (trigonal),  (3.3b) 

^re«e=t^-f  W+ W+LI  (hexagonal),  (3.3c) 

^po»«=“ W+W+ (rhombic),  (3.3d) 

9  4* 

''tpi«j=  2<  2  21  ^  (3.3e) 

«iaO 


For  a  field  of  cubic  symmetry.  If  the  polar  axis  (the  Z  axis)  coin¬ 
cides  with  the  fourfold  symmetry  axis,  the  potential  assumes  the  form 
l'.,«=AJr‘{n(0.  y)-f  |/5 

+/»|r‘{l'i(».rt-V^-|tKi(».9)+yv(*,y)j}.  (3.4a) 

On  the  other  hand.  If  the  polar  axis  Is  parallel  to  the  volume  diag¬ 
onal  of  the  cube  and  Is  therefore  a  threefold  symmetry  axis,  we  have 

V',^=D4r‘{n(».  ?)+V"tIF«»,9)+  kj*  (»,?)]}+ 

(3.4b) 

The  tetragonal  field  Is  the  sum  of  an  actual  field  and  a  cubic  field, 
given  by  an  expression  such  as  (3.4a);  In  precisely  the  same  manner, 
a  trigonal  field  can  be  decomposed  Into  a  sum  of  an  actual  field  and  a 
cubic  field  given  by  expression  (3.4b). 

To  continue  the  calculations  It  Is  more  convenient  to  change  to 
Cartesian  coordinates.  If  we  denote  by  the  following  homogeneous 
polynomials  of  degree  n  In  the  coordinates  x,  and  z; 
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\j*s=3z’  — r*.  Vi  =  xz.  Vi  =  x*—y\ 
l’{=:35z‘-30rV  +  3r*.  Vl=:(7z* —  3r*)xz, 
l-{ = (7z*  -  r*)  (X* -/).  VI = (X*  -  3y*)  xz, 

+y,  V'l=231i:*  — 315rV+  105**  — 6r*, 

I'i  =  33^;^’  —  30xz*r*  +  Sr^xz, 

r,*= i62*(jf*— y)— i6(x*— — y* 

l'^=(l  Iz*  —  3r*)  (jc*  —  3y*)xz,Vl=(_l  lz*—r*)(x^—6x*y-\-y^), 
V'{  =  Ar'i’  —  1 0x*y*z  6 jeyz;  V'l = j:*  —  1 6je*y  + 1 5j:*y  — y, 


then  we  have  where 


(3.5) 


I  (3.6) 

The  potential  of  the  cubic  field  (3.^a)  has  In  Cartesian  coordinates 
the  form 


''.,.*C*(y-f.y  +  z*_|r*)4- 

+  C.l2(x‘4-/+^)-15(.*V+/jf*  + 

■\-z*x*-\-x*z*-\-z^y*-^y*zi‘)-^-l80x*y'*z^  (3*7) 

Where  q = _!^  a\ = 20flj,  c, = -J- 1/^  M  —  iBt 

4  yn  ^  f  * 

Now  that  we  have  derived  analytical  ejqjresslons  for  the  potential 
of  the  crystalline  field,  let  us  discuss  several  general  premises  con¬ 
cerning  the  calculation  of  perturbation  matrix  elements.  Let  = 

=  J,  J  —  1,  J  —  2,  — J)  be  the  wave  functions  of  the  ground  state 

of  the  free  atom  under  the  ass\imptlon  that  the  only  electron  Interac¬ 
tions  considered  are  those  much  larger  than  Hj^.  The  quantum  numbers  J 
and  M  denote  the  angular  momentum  and  Its  projection  on  the  Z  axis, 
respectively,  which  are  conserved  In  this  case.  It  Is  easy  to  show 
that  the  matrix  elements 


<yM|2v:iy^>=JtJt2v:tir* 
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vanish  If  M  m  +  M'.  In  accordance  with  (3.1),  the  symbol  Z  denotes 
summation  over  all  the  electrons  of  the  unfilled  shell. 

To  find  the  nonvanishing  matrix  elements  that  relate  states  hav¬ 
ing  the  same  J,  It  Is  customary  to  use  the  method  of  equivalent  opera¬ 
tors  [8],  [9].  The  totality  of  the  functions  'X^(m  =  0,  +1,  +2,  ...,  +n) 
forms  the  basis  for  the  Irreducible  representation  of  a  rotation  group 
of  dimensionality  2n  +  1.  Each  electron  coordinate  function  ZV^  can  be 
set  In  correspondence  with  an  equivalent  operator,  that  Is,  with  an 
analogous  function  of  the  angular  momentum  projection  operators  ^  ,  J  , 

^  ,  which  have  the  same  transformation  properties.  Thus,  corresponding 
z 

to  the  functions  Z(x^  —  y^)  and  Z(3z^  —  r^)  are  the  operators  —  jH 

X  y 

and  3J„  —  J(J  +  1).  We  note  that  the  determination  of  the  equivalent 
z 

operators  Is  not  complicated  by  the  fact  that  unlike  x,  and  z,  the 

operators  J„,  J.  and  J_  do  not  commute.  Therefore  to  determine  the 
X  y  z 

operator  equivalent  to  the  expression  x*V— z”'  It  becomes  necessary  to 
take  the  arithmetic  mean  of  (k  +_1  +  m) .'/k.'_l.'m.'  possible  operator  per- 

A  44  44 

mutations  J  „  . . .  ...  For  example,  the  function  Zxy  corres- 

X  X  y  y  z 

ponds  to  the  operator  l/2(J  J  + 

X  y  y  * 

The  matrix  elements  of  the  fimctlons  ZV^  and  of  the  corresponding 
equivalent  operators  coincide,  apart  from  a  certain  common  factor, 
vrtilch  Is  the  same  for  all  functions  with  the  same  n. 

Thus,  the  cxmibersome  direct  calculations  of  the  matrix  elements 
of  the  crystalline  field  potential  can  be  replaced  by  simple  calcula¬ 
tions  of  matrix  elements  of  polynomials  of  the  second,  foiirth,  and 

sixth  degree  In  5_,  and  ^  .  Direct  calculations  are  nevertheless 
X  y  z 

necessary  to  determine  the  common  factors  a,  p,  and  y,  but  for  this 
purpose  It  Is  sufficient  to  calculate  only  one  matrix  element  ZV^  for 
each  electron  configuration  and  for  only  one  potential  function  with 
specified  n. 
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TABLE  3.3 


1)1: 

“  •5"  + JJA  “  ^  { Jg  (•^+ + A) + (/f + A)  A }; 

vi-y  I^i  +  Aj: 

V7«Pr*I35/}  — 30/(7+ 1)/J  +  25A  — 67(7+ l)  +  3y(/+ 1)«J; 

i^"|?^{t7^i-3/(y+i)A-Al  (A+A)+ 

+{A+A)  17^-37(7+1)  A-Al); 

1?1  =.  1  r*  { ( 771  -  7  (7  +  i )  -  51  ( A  +  A)  +  (/f  +  A)  I?;; — 7  (7  + 1 )  -  5 1 }; 

=|rM  A(^t  +  A)+(A+A)A}: 

Oj— J-^(A+A): 

231.;; —3137(7+  1)7J  +  733;i  +  1057*  (7+  !)•  iJ— 5257(7+  l)7i+ 

+  294^— 57‘(/+ l)*  +  407'(7+ !)•  — 607(7+ 1)1; 

J  ?  { 130/1  -  30/ (7  + 1) /J  +  157i  +  57*  (7  +  !)•  7,  — 107  (7  +  1)  A  + 

+  127,1  (7+ +  7_)+ (7+ +  7_)  [3371 -307  (7 +1)71+1571  + 

+  57'(7+ !)•  A -107(7+ 1)A+ 127,1); 

*1  — 4  — 18^ (•'+071  — 12371  +  7* (7+ I)‘+ 10/(7+ 1)+ 1021  X 

X  (7l  +  7l)  +  (7i  +  7*)(3371— 187(7+ 1)71— 12371  +  7*(7+ 1)*  + 

+  107(7+1)+ 1021); 

fl  - -J- f*  { (1171-37(7+ 1) A-»7,l (7f + 7l) +(74 + 7i)  X 

X  [1171-37(7+ 1)7,-5»7,1); 

— }■  r»  { (1 171  -7(7+ 1)-  38)  (74  +  7l)  +  (Ji +7l)  [1  l7J-7(7+ 1)-881); 

^  { A  (74 + 7i) + (74  +  A)  A ): 

^-^?‘{7i+A). 

rw  7+"i7,  +  i7^  7_«7«— /7^  ' 

1)  Vlhere. 

Table  3.3  lists  the  linearly  Independent  equivalent  operators  of 
the  polynomials  of  second,  fovirth,  and  sixth  degree.  The  sign  of 
the  sum  In  the  expressions  for  2V^  has  been  left  out  everywhere,  and  r 
stands  for  the  distance  between  the  electron  and  the  nucleus. 

The  calculation  of  the  matrix  elements  relating  states  with  dif¬ 
ferent  J  calls  for  a  separate  analysis,  for  In  this  case  the  method  of 
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equivalent  operators  becomes  much  more  complicated.  The  results  of 
some  calculations  are  given  In  §3.6. 

In  calculating  the  matrix  elements  of  the  fimctlons  it  Is  use¬ 
ful  to  bear  In  mind  that 

(7 + A.  y,  -  « 1  v:\  j,  J,)  =(- <7+ k,m-j,  IV^;!  -  y,>.  (38) 

§3.3.  Iron  Group  Element  Compounds 

It  is  well  known  from  investigations  of  the  static  magnetic  sus¬ 
ceptibility  [10]  that  the  effect  of  the  crystalline  field  Is  usually 
much  stronger  In  these  substances  than  the  spln-orblt  coupling,  but  Is 
weaker  than  the  forces  that  determine  the  principal  term  of  the  Ion. 
Consequently  the  Hamiltonian  for  the  paramagnetic  Ion  of  the  Iron 
group  Is  best  written  In  the  following  form: 

(3.9) 

Here  Is  the  principal  part  of  the  Hamiltonian,  which  Includes  all 
the  free-atom  jjiteractlons  that  are  Independent  of  the  spin  variables. 
The  remaining  terms  of  the  Hamiltonian  can  be  regarded  as  a  perturba¬ 
tion,  namely 

Is  the  spln-orblt  Interaction  operator, 

- -  [(4#+  ^(«)-  it(t  + !),(,+  „] 

Is  the  spin-spin  Interaction  operator  [11],  and 

Is  the  energy  of  the  electrons  in  the  external  magnetic  field  (the  Zee- 
man  energy).  The  splittings  caused  by  the  pert\a?bation  forces  are  of 
the  order  of: 

10* C4r*,  Wf-'. 

If  only  the  principal  Hamiltonian  H*^  Is  considered,  then  the  total 
orbital  momentum  L  and  the  spin  momentum  S  will  obviously  be  conserved 
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quantities.  We  shall  assume  that  the  problem  of  the  possible  eigen¬ 
states  of  has  been  solved  by  the  self-consistent  field  method.  In 
calculations  by  the  perturbation  method  we  shall  start  from  the  ground 
state  characterized  by  a  definite  electron  configuration  and  by 
definite  values  of  L  and  S.  The  higher-order  approximations,  which 
take  into  account  the  Influence  of  the  excited  terms  of  H  will  in 
most  cases  be  unnecessary.  Table  3.^  lists  the  configurations  and 
terms  of  the  ground  states  of  different  ions  of  the  iron-group  ele¬ 
ments  . 

The  calculation  of  the  effect  of  the  perturbations  can  be  broken 
up  into  several  stages.  A  comparison  of  the  magnitudes  of  the  per¬ 
turbing  forces  shows  that  it  is  possible  to  calculate  first  the  split¬ 
ting  of  the  2L  +  1-fold  orbital  level  under  the  Influence  of  the  crys¬ 
talline  field  setting  the  remaining  interaction  aside  for  the 
time  being. 

Since  we  are  dealing  with  d  electrons,  expressions  (3.3)  and  (3*^) 
for  the  potentials  of  the  crystalline  field  can  be  simplified,  leaving 
out  the  terms  with  n  =  6.  The  matrix  elements  of  the  potential  ftinc- 
tlons  can  be  calculated  with  the  aid  of  the  equivalent  operators  of 
Table  3* 3*  It  remains  to  determine  the  coefficients  a  and  p.  For  this 
purpose  it  is  sufficient  to  calculate  one  matrix  element  of  some  poten¬ 
tial  function  vi?  with  n  =  2  and  one  with  n  =  4.  We  choose  the  func- 
tlons  and  V^,  because  they  have  only  diagonal  matrix  elements.  For 
what  follows  it  is  necessary  to  express  any  one  of  the  wave  functions 
of  the  principal  term  of  the  paramagnetic  atom  in  terms  of  the  one- 

electron  d  functions.  This  is  simplest  to  do  by  taking  a  state  with 

+  +  + 

maximum  projections  of  the  spin  and  orbital  momenta  {2  1  0  . . .}  ,  which 
obviously  will  be  characterized  by  a  symmetrical  spin  function  and  an 
antlsyrametrlcal  linear  combination  of  the  one-electron  d  functions: 
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TABLE 


£ 


1 

3 

4  •' 

Ihm 

KoN^Hry* 

piima 

OcaoiMoi 

Ttpil 

»,  eji-» 

• 

8 

Tl*+ 

•D 

154 

2 

21 

2 

63 

v*+ 

d* 

*F 

104 

2 

105 

2 

315 

V‘+ 

rf* 

*F 

55 

2 

105 

2 

315 

Cr*+ 

d* 

^F 

87 

2 

.  '0* 

2 

315 

d* 

*D 

57 

’  2 

IT 

2 

~63 

Mn*+ 

d* 

*D 

85 

2 

21 

2 

“53 

Mn*+ 

d* 

•S 

_ 

Fe*+ 

d* 

•s 

— 

— 

— 

PeM- 

d* 

*D 

-100 

2 

~2T 

2 

33 

Co» 

*F 

—180 

2 

'"105 

2 

315 

Nl»+ 

d* 

•F 

-335 

2 

.  ><» 

2  . 
315 

Cb*+ 

d* 

*D 

—852 

2 

5i 

2 

“53 

l)  Ion;  2)  configviratlon;  3)  prin¬ 
cipal  term;  4)  X,  cm"^. 


fm  =  R(r)y^(i>,<p)  with  m  =  2,  1,  ...  Thus,  we  choose  from  among  the 
2L  +  1  different  coordinate  functions  corresponding  to  the  ground 

state  S®,  the  function  with  the  maximum  magnetic  quantiun  number  M.  It 
Is  easy  to  verify  that  If  there  are  less  than  five  d  electrons,  then 

J*  S  Vi  rft  =  J  fi  KJ/,  *  -f-  J  /,*,/./,  rf,  ^  ^  (3.10) 

The  number  of  the  Integrals  In  the  right  half  of  the  equation  Is  equal 
to  the  number  of  d  electrons.  If  their  n\jmber  exceeds  five,  the  calcu¬ 
lation  Is  made  for  the  number  of  electrons  lacking  to  fill  the  d  shell 
and  the  result  Is  taken  with  the  opposite  sign.  The  values  of  a  and  p 
calculated  In  this  manner  are  listed  In  Table  3.4. 

In  most  of  the  salts  Investigated  the  crystalline  field  can  be 
resolved  Into  two  components:  a  strong  field  of  cubic  symmetry  emd  a 

-  67  - 


Pig.  3*1«  Splitting  of  the 
principal  orbital  levels  of 
the  Ions  of  the  Iron  group  In 
a  cubic  field. 


weak  field  of  lower  symmetry,  for  example  trigonal  or  tetragonal.  Thus, 
the  energy  Is  represented  by  the  sum  Hj^  =  K  +  $.  The  cubic  field 
K  Is  produced  frequently  by  the  six  water  molecules  located  at  the  ver¬ 
tices  of  the  octahedron  whose  center  Is  occupied  by  the  paramagnetic 
Ion.  This  field  changes  little  on  going  from  one  element  In  the  Iron 
group  to  another  or  even  from  one  salt  to  emother.  The  apparent  reason 
for  this  Is  that  the  dimensions  of  the  octahedron  are  determined  by 
the  diameter  of  the  paramagnetic  atom. 

The  field  T  has  a  dual  natxire:  first.  It  Is  produced  by  all  the 
Ions  of  the  crystal  and  has  the  symmetry  of  the  latter,  and  second  It 
Is  due  to  the  deformation  of  the  octahedron  resulting  from  the  Jahn- 
Teller  effect.  According  to  the  well  known  theorem  of  Jahn  and  Teller 
[12],  the  stable  state  of  a  nonlinear  system  of  atoms  is  the  one  hav¬ 
ing  the  least  possible  degree  of  degeneracy. 

It  Is  necessaiy  to  solve  first  the  question  of  the  effect  of  the 
cubic  field.  We  see  from  Table  that  only  S,  D,  and  P  terms  are  en¬ 
countered  for  the  free  Ions  of  the  Iron-group  elements.  The  Ions  In 
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the  S  state  will  be  considered  separately.  On  the  other  hand,  the 
qualitative  picture  of  the  splitting  of  the  D  and  F  terms  can  be  ob¬ 
tained  directly  from  group-theoretical  considerations  (Table  3.1).  The 
P  term  splits  In  a  cubic -symmetry  field  Into  one  singlet  and  two  trip¬ 
lets  (Pig.  3.1c  and  d),  while  the  D  term  splits  Into  a  doublet  and  a 
triplet  (Pig.  3.1a  and  b).  Calculation  by  the  perturbation  method 
yields  the  following  values  of  the  energies  and  the  corresponding  if 
functions  [9]>  calculated  for  the  following  two  cases: 

l)  Quantization  axis  2)  Quantization  axis 
coincides  with  the  coincides  with  the 
trigonal  axis  of  tetragonal  axis  of 

the  cube  the  cube 


L  =  2 


2 

5 


A 


9 


A 


/It-.- /I'?, 

A  =  6pC4 

f 'I’t 

A==54pr‘Ci 


I 

y2  ('I'*  — t-i) 

y  jU  +  Yj^t 

Yh-'-Y’h* 

YJ^,-YJu 


(3.11) 


The  modulus  A  denotes  total  splitting  In  the  cubic  field. 

Oorter  [I5]  considered  the  ordering  of  the  energy  levels  produced 
under  the  Influence  of  the  field  of  the  water-molecule  octahedron.  In 
other  words,  the  question  of  the  sign  of  It  t\tt*ned  out  that  >  0. 
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It  follows  therefore  that  If  the  ion  contains  only  one  d  electron, 

then  the  lower  orbital  level  will  be  a  triplet  and  the  upper  a  doublet. 

The  electron  configuration  d^  differs  from  d^  by  an  addition  of  five 

5  6 

electrons.  Since  the  term  corresponding  to  the  configuration  d*^  Is  S, 

which  Is  affected  by  the  action  of  the  cubic  field  only  If  the  higher 

approximations  are  taken  Into  account,  the  same  pattern  of  splitting 

of  the  orbital  level  will  occur  for  both  cases,  d^  and  d^  (Plg« 

The  ConflgTiratlon  d^  can  be  regarded  as  a  filled  shell  with  one  hole 

or  with  one  positive  electron.  A  similar  correspondence  will  exist  be- 

6  4 

tween  the  configurations  d  and  d  .  Consequently  the  level  sequence  In 
the  case  of  d^  and  d^  will  be  reversed  (Pig.  3* It). 

For  the  configurations  forming  the  F  terms.  It  Is  easy  to  con- 

Q  O 

elude  that  In  the  case  of  d'^  and  d  the  lower  orbital  level  will  be  a 
singlet  (Pig.  3«ld)j  on  the  other  hand,  the  configurations  d^  and  d^ 
correspond  to  an  Inverse  sequence  of  levels,  and  consequently  the 
lower  level  Is  a  triplet. 

Qorter  has  also  shown  that  In  tetrahedral  con?)lexes  <  0  for 
the  cubic  component  of  the  field.  Consequently,  the  sequence  of  the 
sublevels  will  be  the  Inverse  of  that  Indicated  for  Ions  with  octahed¬ 
ral  surroundings. 

We  now  proceed  to  consider  the  remaining  perturbations,  which  can 
be  written.  In  accord  with  (3*9) >  In  the  form 

^  4- ^  -  P  [(AS)* -j- -i- (Zs)  _  1  i  (L  +  1)  s  (S  4- 1 )] -I- 

+  p(Z4-2S)//„  (3-12) 

The  e^qjerlments  are  usually  made  at  such  temperatures  that  one 
can  regard  as  populated  those  energy  levels  whose  distances  from  the 
ground  level  do  not  exceed  a  few  hvindred  cm"^.  We  can  therefore  be 
Interested  only  In  the  lowest  orbital  level  occurring  In  a  cubic  field. 
It  Is  very  Important  to  know  whether  this  level  is  simple  or  degenerate. 
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Let  US  ass\une  that  the  lower  level  Is  simple.  If  we  take  Into 
consideration  the  electron  spin,  then  (2S  +  l)-fold  degeneracy  appears 
The  field  T,  which  does  not  act  on  the  electron  spin,  can  produce  only 
an  Inessential  level  shift.  In  a  singlet  orbital  state,  the  average 
momentum  L  Is  zero,  and  consequently  the  spln-orblt  interaction 
also  vanishes  In  the  first  approximation.  Consequently,  It  Is  neces¬ 
sary  to  take  the  second  approximation  Into  consideration,  and  this 

p 

yields  for  the  orbital  level  splitting  values  of  approximately  \  /L  « 
«  1  cm”^,  that  Is,  of  the  same  order  of  magnitude  as  the  Zeeman  energy 
and  the  spin-spin  Interaction. 

A  method  for  calculating  the  splittings  of  the  ground  state  of  a 
magnetic  Ion  was  developed  In  [l6,  I7]  and  has  fo\ind  extensive  use  In 
experimental  Investigations  of  paramagnetic  resonance]  It  Is  known  as 
the  spln-Hamlltonlan  method.  It  consists  of  the  following.  We  go 
through  the  usual  perturbation  theory  procedure  In  two  stages.  We 
first  calculate  the  matrix  elements  H*  with  the  aid  of  the  coordinate 
wave  functions,  this  being  possible  by  virtue  of  the  fact  that  the  un- 
pert\u?bed  Hamiltonian  is  Independent  of  the  spin  variables.  As  a  re¬ 
sult  the  perturbation  energy  turns  out  to  be  a  function  of  the  spin 
operator  S]  we  shall  call  this  function  the  spin  Hamiltonian. 

It  Is  easy  to  show  that  the  spin  Hamiltonian  has  the  form 

( 3 . 13 ) 

where  the  tensors  and  g^^j  are  determined  from  the  formulas 


Dlj - - p/y;  gij  —  2  (8y  —  Ay); 


n*0 


<0 1  LtL,  +  L,Lt\Q)  — (i  + 


(3.14) 


Here  1,  J  =  x,  y,  z,  and  Eq  and  E^^  denote  the  energies  of  the  gro\md 
and  excited  orbital  levels,  respectively. 
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If  has  tetragonal  or  trigonal  symmetry,  then  the  tensors 
and  are  characterized  by  two  principal  values,  corresponding  to 
two  directions:  parallel  and  perpendicular  to  the  symmetry  axis.  Tak¬ 
ing  the  symmetry  axis  to  be  the  Z  axis,  we  have 

+  +  fftySy).  (3.15) 

Deviations  from  tetragonal  symmetry  can  be  taken  Into  account  by  add¬ 
ing  the  term  E(^^—  Sy)  and  replacing  g^  by  the  coefficients  and  gy. 
The  part  of  the  spin  Hamiltonian  proportional  to  D  (and  to  E)  deter¬ 
mines  the  splitting  of  the  orbital  level  In  the  absence  of  an  external 
magnetic  field.  The  terms  proportional  to  Hq^,  HQy,  and  Hq^.  Indicate 
that  the  magnetic  moment  of  the  atom  In  the  crystal  Is  anisotropic; 
deviations  of  the  £  factor  from  the  value  g  =  2  denote  that  a  small 
fraction  of  the  momentum  connected  with  the  orbital  motion  Is  added  to 
the  spin  momentum  of  the  electrons. 

The  spln-Hamlltonlan  method  makes  It  possible  to  describe  the 
spectrvim  of  paramagnetic  resonance  by  means  of  a  small  number  of  con¬ 
stants:  D,  E,  g||,  g^,  ...  The  determination  of  these  constants  from 
the  form  of  the  spectrum  constitutes  the  main  task  of  the  experiments 
In  paramagnetic  resonance.  The  theoretical  problem  Is  to  determine 
these  constants  on  the  basis  of  a  definite  model  of  the  crystal. 

The  theory  developed  here  applies  primarily  to  Ions  whose  lower 
orbital  level  In  a  cubic  field  Is  a  singlet.  These  Include  the  Ions 
Cr^'*’,  gmd  Nl^.  The  Ions  Cr^’*’,  Mn^'*’,  and  Cu^'*’  should  also  be  In¬ 

cluded  In  this  group.  If  the  field  T  has  a  tetragonal  symmetry.  In  the 
case  of  these  Ions  L  =  2  and  the  lower  level  resulting  from  the  action 
of  the  cubic  field  Is  an  orbital  doublet,  on  which.  In  accord  with 
(3.11)>  the  spin-orbit  coupling  has  no  Influence  whatever,  while 
a  tetragonal  field  does  split  It.  Thus,  the  lower  orbital  level  will 


again  be  simple,  and  Its  spin  degeneracy  will  as  before  be  (2S  +  1)- 
fold. 

Let  us  consider  a  more  general  case,  when  the  degeneracy  of  the 
lower  orbital  level  In  a  cubic  field  makes  the  matrix  elements  of  the 
spln-orblt  coupling  q  different  from  zero  even  In  the  first  approxi¬ 
mation,  Now  the  perturbations  caused  by  the  spln-orblt  coupling 
and  by  the  field  T  are  of  the  same  order  of  magnitude  and  should  be 
considered  simultaneously.  Because  of  the  Jahn-Teller  effect,  the 
paramagnetic  Ion  should  have  mlnlmiun  degeneracy  following  the  action 
of  these  forces.  If  we  apply  In  addition  the  Kramers  theorem,  then  we 
arrive  at  the  following  Important  conclusions:  and  the  lower- 

symmetry  field  T  cause  complete  splitting  of  the  energy  levels  of  para¬ 
magnetic  Ions  with  an  even  niunber  of  electrons.  Now  not  only  the  or¬ 
bital  but  also  the  spin  levels  will  be  simple.  As  a  rule,  the  Inter¬ 
vals  between  these  levels  exceed  1  cm~^,  and  consequently  paramagnetic 
resonance  can  be  observed  only  with  the  aid  of  radio  frequency  fields 
In  the  millimeter  band. 

If  the  paramagnetic  Ion  has  an  odd  number  of  electrons,  then  the 
Kramers  double  degeneracy  Is  retained.  In  this  case  the  splitting  of 
the  energy  level  In  an  external  magnetic  field  can  be  calculated  by 
Introducing  an  effective  spin  with  value  1/2.  Ihe  spin  Hamiltonian 
will  have  the  following  simple  form: 

==  P  {  -f-  gjt%^g]\  ( 3  •  l6  ) 

where  are  the  Pauli  matrices.  We  shall  not  stop  to  discuss  the  con¬ 
nection  between  the  coefficients  g^^,  gy,  and  g^  with  \  and  with  the 
constants  of  the  crystalline  field. 

Many  Investigations  have  been  devoted  to  a  detailed  theoretical 
analysis  of  the  paramagnetic  resonance  spectra  of  salts  of  cobalt  [18, 
19],  nlcfcel  [20-22],  and  copper  [23-25].  In  particular,  many  theoretical 
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Investigations  have  been  devoted  to  chrome  alums  [26-34],  which  are 
extensively  used  In  adiabatic  demagnetization. 


In  order  to  determine  the  form  of  the  paramagnetic  resonance  spec 
trum.  It  Is  necessary  to  know  not  only  the  system  of  the  lower  energy 
levels  of  the  paramagnetic  Ions,  but  also  the  probabilities  of  the 
magnetic  dipole  transitions  between  these  levels.  The  probability  of 
transition  between  any  two  levels  M  and  M'  Is  proportional  to  the 
sqviare  of  the  nondlagonal  matrix  element  of  the  projection  of  the  mag¬ 
netic  moment  of  the  electrons  on  the  direction  of  the  alternating  mag¬ 
netic  field  I  <M  These  matrix  elements  are  particularly  easy 

to  calculate  If  the  spin  Hamiltonian  has  been  established.  If  the  posl 
tlon  of  the  alternating  magnetic  field  Intensity  vector  Is  defined  In 
terms  of  direction  cosines  a^,  a^,  and  a^,  then  we  can  write  for  the 
operator  of  the  component  of  the  magnetic  moment: 


I**, = 4-  (3.17) 

It  remains  to  calculate  the  matrix  elements  S„,  and  §  with 

X  y  z 

the  aid  of  the  spin  wave  eigenfunctions  of  the  levels  M  and  M'. 

§3.4.  Paramagnetic  Resonance  Spectrvim  of  Nickel  Ion  In  an  Axial  Crys- 
- talline  Fleia -  - 

We  shall  examine  the  general  methods  used  to  calculate  the  para- 

2+ 

magnetic  spectrum  resonance  using  by  way  of  an  exangjle  the  N1  Ion  In 
a  tetrahedral  or  trigonal  field  of  a  crystal.  These  calculations  per¬ 
tain,  In  particular,  to  the  well  Investigated  nickel  fluoroslllcates. 
In  which  the  crystalline  field  has  a  tetrahedral  symmetry.  The  lower 
orbital  level  of  Nl^"*"  Is  a  singlet  (Pig.  3. Id),  and  the  spectrum  can 
therefore  be  calculated  with  the  aid  of  the  spin  Hamiltonian  (3*15)# 
provided  that  the  tetragonal  axis  Is  directed  along  the  Z  axis. 

The  nonvanishing  matrix  elements  of  the  vector  "S  can  be  calcu¬ 
lated  from  the  well  known  formulas  (7); 
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(3.18) 


</M  1 5,  —  iSj,  I  Af  -f- 1 ) = y  4- 1 )  —  Af  (Al  4-  1 ), 

<Ai|5,lAf)=»Af.  ■ 

In  our  case  S  =  1|  and  the  nonvanishing  elements  of  ?  assxune  the 
following  values 

<-l|S,10>  =  <0|S,ll>  =  :j^; 

<-115,10)=:<0|^ll>  =  -^;  (3.19) 

<-ils,|-i>=-i;  <115,10=1. 

We  assume  first  that  the  static  magnetic  field  Hq  Is  parallel  to 
the  tetragonal  axis  of  the  crystal.  Then  the  possible  values  of  the 
spin-level  energies  and  the  corresponding  spin  wave  functions 
are  determined  from  the  equation 

s  (D^i 1), = ( 3 . 20 ) 

It  Is  convenient  to  use  the  value  of  D  as  the  energy  unit.  We  there¬ 
fore  Introduce  the  notation 


El 

=  -*^11=  O' 


(3.21) 


We  denote  by  the  eigenfunction  corresponding  to  the  eigenvalue 
M.  Since  we  are  using  a  representation  In  which  the  matrix  Is  di¬ 
agonal,  the  matrix  (3.20)  Is  obviously  also  diagonal  and  consequently 

the  eigenvalues  of  and  the  corresponding  eigenfunctions  are 

* 


«a=0,  *»  =  l— Jfii.  (3.22) 

With  the  aid  of  (3.22),  (3*19)#  and  (3*17)  we  can  readily  ascer¬ 
tain  that  the  magnetic  dipole  transitions  between  the  spin  levels  are 

» 

possible  only  under  the  Influence  of  the  alternating  magnetic  field 
component  perpendicular  to  the  Z  axis.  According  to  (3*19)  two  absorp- 
tlon  lines  of  equal  Intensity  )  should  occur,  corresponding  to 

the  transitions  1  -♦  0  and  0  -♦  1. 

Let  us  assxmie  now  that  the  magnetic  field  Hq  Is  perpendicular  to 
the  crystal  axis.  If  we  assvime  the  field  Hq  to  be  parallel  to  the  X 
axis,  then  the  spin  Hamiltonian  assumes  the  form 
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s=  d5i + (3*23) 
With  the  aid  of  (3-l8)  we  obtain  the  following  secular  equation  for 
the  determination  of  the  spin  energy  levels: 


1— t 

JCi 

V2 

0 

V2 

=0. 


(3.24) 


The  solution  of  this  equation  yields  the  following  eigenvalues  and 
elgenftmctlons : 


•*=1.  1),). 


(3.25) 


t=VT+4x57. 

The  matrix  elements  of  the  canponents  of  the  vector  calculated  with 
the  aid  of  the  spin  functions  (3.25)  are 

1 


<iil5^1*>  — W,\c}=iy^, 
<a|5,|c>  =  0, 

<a|5,|c>=0. 


(3.26) 


It  Is  seen  from  these  formulas  that  in  strong  magnetic  fields,  when 
Xj^  »  1,  paramagnetic  resonance  occurs  only  if  the  alternating  field 
Is  perpendicular  to  the  field  Hq.  In  weak  and  Intermediate  magnetic 
fields,  the  matrix  element  Is  <ajS^|c>  0  and  consequently  resonant 
paramagnetic  absorption  Is  possible  between  the  levels  a  and  _c,  pro¬ 
vided  the  static  and  alternating  magnetic  fields  are  parallel  to  each 
other.  A  scheme  of  the  energy  levels  and  of  the  possible  transitions 
Is  shown  In  Fig.  3.2. 
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2+ 

of  the  N1  Ion  in  fluoroslllcate  on  the  In¬ 
tensity  of  the  magnetic  field  Hq.  a)  Hq  paral¬ 
lel  to  the  tetragonal  axis  of  the  crystal;  b) 
Hq  perpendicular  to  the  tetragonal  axis. 


j 

I 

I 


§3.5.  Hyperfine  Structure  of  Paramagnetic  Resonance  Spectra 

The  theory  of  the  hyperfine  structure  of  atomic  spectra  was  de¬ 
veloped  long  ago.  The  novelty  in  its  application  to  paramagnetic  reso¬ 
nance  spectra  of  crystals  lies  in  the  need  for  taking  into  account  the 
effect  of  the  crystalline  field  and  a  few  other  effects  which  are  of 
no  significance  in  optical  research.  The  first  calculations  of  the  hy¬ 
perfine  structure  of  paramagnetic  resonance  spectra,  pertaining  to 
copper  salts,  naunely  Tutton's  salt  [35]  and  the  fluoroslllcate  [36], 
have  disclosed  a  clear-cut  disagreement  with  the  experimental  data. 

The  differences  between  theory  and  experiment  became  particularly 
sharp  when.  In  spite  of  the  theoretical  predictions,  a  hyperfine  struc¬ 
ture  was  experimentally  established  for  the  paramagnetic  absorption 
lines  In  the  salts  of  Mn^"^. 

All  these  contradictions  were  eliminated  with  the  aid  of  the  "s- 
conflguratlon  Interaction"  hypothesis  [37]»  It  is  well  known  [38]  that 
the  magnetic  Interaction  of  the  b  electrons  with  the  nucleus  Is  much 
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stronger  than  that  of  the  electrons  with  1  0.  It  was  assiomed  that 

the  ground  state  of  the  paramagnetic  Ion  contains  besides  the  usually 
assumed  configuration  3d^  also  a  small  admixture  of  configurations 
containing  an  unpaired  s  electron.  It  Is  most  probable  that  the  hyper- 
fine  structure  Is  due  to  the  admixture  of  the  conflgviratlon  3sp^d*^4s 
because,  first,  the  transition  of  the  3s  electron  to  the  4s  orbit 
calls  for  a  small  expenditure  of  energy;  second.  In  this  configuration 
the  total  orbital  and  spin  angular  momenta  can  assume  the  same  qviantimi 
values  L  and  S,  resulting  from  Hund's  rule  for  the  ground  state  of  the 
Ion.  The  ^  configuration  Interaction  takes  place  In  free  atoms  and  de¬ 
pends  little  on  the  crystalline  field. 

A  confirmation  of  the  hypothesis  of  ^  configuration  interaction 
can  therefore  be  the  Isotropy  of  the  hsrperflne  structure  of  the  para¬ 
magnetic  resonance  spectrum  and  the  fact  that  the  hyperflne  splitting 

constant  Is  approximately  the  same  for  all  the  Investigated  salts  of 
04. 

Mn  .  It  must  be  noted  that  the  ^  configuration  effect  Is  particularly 
important  for  salts  of  the  iron-group  elements,  for  in  these  crystals 
the  orbital  magnetism  Is  suppressed  (the  orbital  levels  are  singlets), 
which  greatly  reduces  the  hyperflne  splitting. 

The  general  theory  of  the  hyperflne  structvire  of  paramagnetic 
resonance  spectra  of  Iron-group  element  ccmipoxinds  has  been  developed 
In  [17  ]•  If  the  paramagnetic  atom  has  a  nuclear  spin  different  from 
zero,  then  the  following  e:qpresslon  is  added  to  the  Hiunlltonlan  (3*9) 

—,((£/)+  (U  (t  +  I)  (i/)  _ 

-  (3.27) 

where 

(2/+I)-45 


iBWii 
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if  I  Is  the  nuclear  spin,  gjjPjj  Is  the  magnetic  moment,  and  j  Is  the 
quadrupole  moment  of  the  nucleus;  ti  has  a  plus  or  minus  sign  depending 
on  whether  the  first  or  second  half  of  the  d  shell  of  the  atom  Is 
filled.  The  first  term  In  (3*27)  takes  Into  account  the  Interaction 
between  the  electrons  and  the  magnetic  moment  of  the  nucleus,  while 
the  second  represents  the  Interaction  with  the  qviadrupole  nuclear  mo¬ 
ment  and  the  third  the  energy  of  the  nucleus  In  the  external  magnetic 
field.  The  coefficient  k  Is  Introduced  to  allow  for  the  Influence  of 
the  s -configuration  Interaction.  A  theoretical  calculation  of  k  Is  ex¬ 
tremely  con^jllcated.  On  the  other  hand,  comparison  with  the  experimen¬ 
tal  data  has  disclosed  the  Interesting  fact  that  the  coefficient  k  Is 
practically  the  same  for  all  Ions  of  the  Iron  group. 

The  transition  from  (3«27)  to  the  spin  Hamiltonian  can  be  carried 
out  by  the  method  described  In  §3.3*  We  laiow  that  It  Is  necessary  to 
distinguish  between  two  cases,  depending  on  whether  the  atom  Is  In  a 
simple  or  degenerate  state  after  the  action  of  the  cubic  field  of  the 
crystals.  In  the  former  case  the  spin  Hamiltonian,  with  account  of  the 
Interaction  between  the  moments  of  the  nucleus  and  the  electron  shell 
and  with  the  external  magnetic  field  has  the  form 

—  ( 3  •  28 ) 

If  the  resultant  crystalline  field  has  trigonal  or  tetragonal  symmetry, 
then 

(3.29) 

In  the  second  case,  the  spin  Hamiltonian  will  have  the  same  form  but  ^ 
now  stands  for  the  effective  spin  We  shall  not  dwell  here  on  the 
connection  of  the  coefficients  A  and  B  with  the  constants  of  the  crys¬ 
talline  field  and  the  nuclear  moments,  but  It  is  obvious  that  the  con- 
stsints  of  the  magnetic  hyperfine  structure  A  and  B  are  proportional  to 
gjg(T/r^),  and  the  quadrupole  interaction  constant  P  is  proportional  to 


q(l/r^).  The  Intensity  of  the  individual  hyperflne  components  of  the 
paramagnetic  resonance  spectrxim  will  be  determined  as  before  only  by 
the  magnitude  of  the  matrix  element  of  the  electron  magnetic  moment 
(3*17)>  since  the  nuclear  magnetic  moment  Is  very  small.  Consequently, 
in  the  simplest  cases  when  the  component  of  the  nuclear  angular  mo¬ 
mentum  Is  conserved,  a  selection  rule  Am  =  0  exists  for  the  magnetic 
quantum  number. 

Most  theoretical  calculations  and  experimental  researches  pertain 
to  strong  magnetic  fields,  the  action  of  which  on  the  impaired  elec¬ 
trons  of  the  paramagnetic  atons  exceeds  greatly  the  interactions  be¬ 
tween  the  latter  and  the  moments  of  the  nucleus.  Calculations  of  hy¬ 
perflne  splitting  In  weak  magnetic  fields  are  more  complicated  and 
have  been  made  only  for  a  few  particular  cases  [39]- 

In  order  to  verify  the  hypothesis  of  the  s-conflguratlon  Interac¬ 
tion,  an  analysis  was  made  In  [37]  of  the  experimental  data  on  the  op¬ 
tical  spectra  of  neutral  atoms  and  paramagnetic  resonance  spectra  of 
the  Ions  of  the  3cl- transition  group  elements.  This  analysis  confirmed 
a  premise  already  stated  by  Fermi  [38]  that  If  there  are  no  ^  elec¬ 
trons  In  the  ground  state  of  the  atom,  then  an  appreciable  portion  of 
the  hyperflne  splitting  Is  frequently  determined  by  the  unpaired  b 
electrons  of  the  excited  levels.  A  quantitative  estimate  of  the  coef¬ 
ficient  k  was  also  made  [40]  with  the  aid  of  the  Hartres-Pok  functions 
and  yielded  a  value  approximately  ten  times  smaller  than  that  observed. 
The  discrepancy  between  the  theory  and  experiment  can  be  attributed  to 
the  fact  that  the  Hartres-Pok  method  Is  not  suitable  for  the  calcula¬ 
tion  of  the  wave  functions  near  the  nucleus. 

§3.6.  Parameters  of  the  Crystalline  Field.  The  Jahn-Teller  Effect 

Up  to  now  all  the  calculations  of  the  energy  spectra  of  the  para¬ 
magnetic  Ions  In  crystals  were  carried  out  by  the  "crystalline  field" 
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method.  The  parameters  of  the  crystalline  field  A®  were  determined 
here  as  a  rule  by  comparing  the  theoretical  results  with  the  experi¬ 
mental  data  on  paramagnetic  resonance,  on  the  temperatiire  dependence 
of  the  static  paramagnetic  susceptibility,  on  the  optical  absorption 
spectra,  etc.  It  would  be  Interesting  to  make  a  thedretlcal  estimate 
of  the  magnitude  of  the  crystalline  field  and  primarily  its  principal 
cubic  component.  Van  Vleck  [I3]  and  Polder  [6]  made  a  numerical  calcu¬ 
lation  tinder  the  assumption  that  the  cubic  field  Is  made  by  six  polnt- 
llke  charges  or  by  six  dipoles  each  with  moment  located  at 

the  vertices  of  an  octahedron  at  a  distance  R  from  the  center.  It  fol¬ 
lows  from  this  model  that  the  parameter  which  was  Introduced  In 
(3*7) >  has  a  value 


4  4y?‘  * 


or 


-  _ I75«n« 

V4—  4  ^  • 


(3.30) 


An  x-ray  structural  analysis  of  aliuns  [4l]  has  shown  that  R  =  2.0  A. 

“zr 

To  calculate  the  splitting  A  we  must  also  know  the  value  of  r  for  the 
3d  electrons.  If  we  use  the  3d  hydrogen  functions,  we  obtain 

?  =  1 26a;Z-‘  =  4.10a^  =  25,5 1  SnJZ-*  =  3 1 ,2oJ.  ( 3 . 3 1 ) 


We  have  assumed  here  Z  =  5*35»  which  follows  from  the  experimental 
value  of  43  ev  for  the  Ionization  potential  of  Ti^"'^.  If  we  assume 

T  Q 

®eff  “  M-e  =  2*  10“  CGSE,  then  the  calculated  Intervals  between 

energy  levels  In  the  cubic  field  are  In  good  agreement  with  the  ex¬ 
perimental  data.  This  agreement  must  nevertheless  be  regarded  as  for¬ 
tuitous,  since  the  model  assxaned  Is  very  crude.  Kleiner  [42]  made  more 
precise  calculations  for  chrome  alums,  taking  Into  consideration  the 
distribution  of  the  electron  cloud  In  the  oxygen  ion.  The  water  mole¬ 
cules  have  their  oxygen  atoms,  which  can  be  regarded  as  0“  Ions,  facing 
the  center  of  the  octahedron.  The  results  of  the  calculations  were  In 
complete  contradiction  to  the  experimental  data,  for  even  the  sign  of 
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the  parameter  was  found  to  be  Incorrect.  Tanabe  and  Sugano  [43]  took 
accoxmt  of  the  covalent  bonds  between  the  central  Ion  and  the  surroiand- 
ing  atoms  (see  §3* 8).  Exchange  effects  cause  an  inversion  of  the  energy 
levels  and  their  sequence  becomes  correct.  The  absolute  value  of  C2^ 
turns  out  here  to  be  about  3/2  times  larger  than  the  experimental  value. 

We  have  already  indicated  that  only  in  the  first  approximation 
does  the  crystalline  field  surrounding  a  paramagnetic  particle  have  a 
cubic  symmetry  in  the  case  of  the  salts  of  the  iron -group  elements. 
Actually,  however,  appreciable  deviations  exist.  Superimposed  on  the 
strong  cubic  field  is  a  weak  field  of  lower  symmetry,  the  origin  of 
which  is  connected  with  the  following  three  different  causes  [26]. 

1.  Direct  action  exerted  on  the  paramagnetic  particle  by  the  elec¬ 
tric  field  of  the  remote  particles  situated  outside  the  octahedral  com¬ 
plex.  In  alums,  for  example,  this  field  has  a  trigonal  symmetry  and 
can  be  represented  in  the  following  form; 


(3.32) 

Here  x,  and  £  are  the  Cartesian  coordinates  of  the  electron  and  per¬ 
tain  to  the  principal  cubic  axes;  G  and  H  are  constants  Independent  of 
r;  C  is  a  polynomial  with  cubic  symmetry  and  therefore  immaterial  for 
o\ir  purposes.  If  we  Introduce  the  spherical  coordinates  R^,  and 
which  define  the  position  of  the  charge  e^^  relative  to  the  paramagnetic 
center,  then  we  obtain  the  following  e:q)resslons  for  the  constants  Q 
and  H: 


’(|cos*a,— 1), 

~  ^  2  a,  —  30  COS*  a,  -f-  3-f- 

7y  2  cos  »!  sin*  o,  cos  sp,]. 


(3.33) 


Calculations  shows  that  for  tltaniiun  alums,  for  exaiiQ>le,  the  splitting 
of  the  lower  energy  level  by  the  field  (3*32)  Is  equal  to  about  350  cm"^. 
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2.  Indirect  action  of  the  remote  particles.  The  remote  particles 
cause  the  octahedral  con^lex  to  hecome  deformed  and  distort  Its  cubic 
field.  If  we  have  three  polntllke  charges  a,  b,  and  c,  then  the  direct 
action  of  charge  a  on  charge  c  Is  stronger  than  the  Indirect  action 
due  to  the  motion  of  charge  b  under  the  Influence  of  charge  a.  In  our 
case,  however,  the  Indirect  action  can  exceed  the  direct  action,  since 
the  electron  clouds  of  the  particles  forming  the  paramagnetic  octa¬ 
hedral  complex  overlap  one  another.  One  proof  of  the  significance  of 
the  Indirect  action  is  the  well  known  fact  that  the  Initial  splittings 
of  the  spin  level  of  Iron  alums  Increase  when  they  are  magnetically 
diluted  by  substituting  aluminum  Ions  for  the  Iron  Ions.  In  this  case 
the  direct  effect  cannot  change  appreciably,  since  the  Iron  and  alu- 
mlnim  Ions  have  the  same  charge,  and  the  radii  of  these  Ions  are  very 
small  compared  with  the  distances  between  trlvalent  atoms.  On  the 
other  hand,  the  deformation  of  the  octahedron  can  be  greatly  Influenced 
by  whether  the  ion  at  its  center  is  iron  or  al\jminum. 

3.  The  Jahn-Teller  effect.  This  cause  of  lattice  deformation, 
vdilch  leads  to  a  lowering  of  the  symmetry  of  the  crystalline  field,  is 
frequently  very  important.  The  Jahn-Teller  theorem  was  initially 
proved  for  molecules  [12]  and  then  extended  to  Include  crystals  [13, 
14].  According  to  this  theorem,  the  geometrical  conf Igtiratlon  of  nuclei 
cannot  be  stable  If  the  electron  state  of  the  molecule  is  degenerate, 
except  In  the  two  following  cases:  a)  the  molecule  Is  linear,  that  Is, 
the  nuclei  lie  on  one  line;  b)  the  molecule  contains  an  odd  number  of 
electrons,  and  the  degeneracy  of  Its  electron  state  Is  a  double  Kramers 
degeneracy,  that  Is,  one  that  cannot  be  lifted  by  any  change  In  the 
electrostatic  forces. 

The  lowering  of  the  symmetry  of  nuclear  conflgToratlon,  If  we  ex¬ 
clude  the  two  Indicated  cases,  will  lift  the  degeneracy  of  the  elec- 
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tron  state.  It  can  be  proved  that  the  mean  energy  of  different  electron 
states  remains  constant  after  the  splitting  of  the  energy  level.  Thus, 
at  least  one  electron  level  will  lie  below  the  Initial  one  after  the 
deformation  of  the  molecule. 

Van  Vleck  [13]  made  the  transition  from  the  molecule  to  the  crys¬ 
tal  by  considering  the  behavior  of  an  octahedral  paramagnetic  complex 

A 

In  an  external  trigonal  field.  The  Hamiltonian  H  of  the  electron  state 
contains  as  parameters  the  distances  between  the  centers  of  the  par¬ 
ticles  (atoms  or  molecules)  forming  the  complex.  An  arbitrary  displace¬ 
ment  of  these  particles  can  be  described  with  the  aid  of  21  normal 
vibrational  coordinates  Expanding  the  Hamiltonian  in  powers  of 
we  get 

(3.34) 

I 

A 

Here  Hq  contains  all  the  Interactions  that  are  possible  Inside  the 
regular  octahedral  complex  and  are  Independent  of  the  electron  spin  of 
the  paramagnetic  Ion;  "^^rlg  account  the  effect  of  the  re¬ 

mote  atoms  of  the  crystal  lattice.  Let  Wq  be  one  of  the  eigenvalues  of 
Sq.  Connected  with  the  energy  Wq  is  one  of  the  set  of  wave  functions 
given  In  (3.11).  By  considering  the  second  and  third  terms  of  (3.3^) 
as  a  perturbation,  we  can  set  up  and  solve  a  secular  equation,  the  so¬ 
lution  of  which  will  give  In  first  approximation  the  correction  to  the 
energy  Wq.  The  energy  of  the  entire  system  Is  thus  a  certain  function 
of  the  displacements  By  solving  the  system  of  equations 

Ii7=0  (1=1,2, 3....),  (3.35) 

we  can  find  such  displacements  ^  as  correspond  to  a  minimum  energy  W, 
and  consequently,  to  the  most  stable  conflgviratlon  of  the  paramagnetic 
complex.  Van  Vleck  made  detailed  calculations  for  titanium,  vanadium. 
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and  chrome  (excited  state)  alums.  The  were  foiAnd  to  be  of  the  order 
of  10“^  cm.  The  potential  of  the  low-symmetry  crystalline  field  re¬ 
sulting  from  the  distortion  of  the  octahedral  conflgiu?atlon  of  the 
water  molecules  will  be  a  quadratic  function  of  Q^.  The  splittings  of 

the  orbital  levels  due  to  this  field  have  been  calculated  to  be  on  the 
o 

order  of  10  cm  .  The  potential  energy  of  the  f  electrons  of  rare- 
earth  atoms  In  the  crystalline  field  is  approximately  100  times  smaller 
than  the  energy  of  the  d  electrons  of  the  Iron-group  atoms.  Conse¬ 
quently  »  10“^^  cm  In  rare-earth  crystals,  and  consequently  the 
level  splitting  due  to  the  Jahn-Teller  effect  can  have  an  approximate 
value  10  -(lO"  )  =  10“  cm“  .  As  will  be  shown  below,  experiment  con¬ 

firms  this  conclusion. 

The  Van  Vleck  theory  was  ftarther  developed  by  Pryce  and  his  co- 
workers  [l4].  Prom  general  considerations,  they  reached  the  conclusion 
that  the  Jahn-Teller  effect  pertains  not  only  to  degenerate  but  also 
to  almost -degenerate  systems.  An  Interesting  example  of  such  almost- 
degenerate  systems  are  linear  triatomlc  molecules  of  the  type  BAB. 

In  addition,  they  Investigated  In  detail  octahedral  complexes 
which,  let  us  note,  are  enco^^ntered  not  only  In  paramagnetic  salts, 
but  also  In  crystals  containing  P  centers,  luminescent  centers,  exclton 
states,  etc.  The  degeneracy  of  the  electron  state  of  an  octahedral 
paramagnetic  complex  can  be  triple  or  double.  If  the  degeneracy  of  the 
energy  level  Is  triple,  then  the  deformation  of  the  complex  on  going 
to  stable  nuclear  configurations  will  follow  In  some  cases  the  (100) 
axis,  and  In  others  the  (111)  axis.  As  a  result,  the  complex  has  either 
a  tetragonal  or  trigonal  symmetry.  If  the  degeneracy  Is  double,  the 
situation  Is  more  complicated.  The  point  Is  that  In  this  case  the  en¬ 
ergy  splitting  due  to  the  deformation  of  the  complex  Is  proportional 

P  p 

to  Q|  +  ^  If  we  denote  by  Qg  and  ^  certain  normal  vibrational 
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dlnates  of  an  octahedron  of  even  type.  It  is  convenient  to  Introduce 
new  variables  p  and  a: 

Qi  =  pslna.  Q,=spcosa.  (3.36) 


It  Is  clear  that  the  splitting  is  independent  of  a.  Thus,  there  exists 
an  infinite  set  of  configurations  corresponding  to  one  and  the  same 
value  of  the  energy.  If  we  take  anharmonlc  effects  into  accoimt,  then 
we  find  that  the  most  stable  conflgixratlon  is  obtained  by  stretching 
the  octahedron  along  one  of  the  tetragonal  axes. 

All  these  results,  as  indicated  by  Abragam  and  Pryce  [36]  can  ex¬ 
plain  why  copper  salts,  the  crystals  of  which  have  trigonal  symmetry, 
have  an  isotropic  £  factor  and  an  isotropic  and  small  hyperflne  struc¬ 
ture  constant.  In  a  field  of  cubic  symmetry,  the  lower  orbital  level 
of  the  copper  ion  is  doubly  degenerate  and  the  wave  functions  belong¬ 
ing  to  it  are,  in  accord  with  (3. 11),  cp^  =  and  <p^=  (1/  2)(V'2  + 

Neither  spin-orbit  Interaction  nor  a  field  of  trigonal  symmetry 
can  lift  the  degeneracy.  The  only  reason  for  the  splitting  of  the 
given  orbital  level  is  the  Jahn-Teller  effect.  The  following  wave 
functions  will  belong  to  the  energy  sublevels; 

=  ♦„=^,sin«-y,cosi.  (3.37) 


The  principal  values  of  the  £  tensor,  calculated  with  the  aid  of  these 
f\xnctlons,  are 


—  2  —  2  ~  (cos  «  —  VT  sin  a)*, 

=  2 -f  2  i  (cos  *  +  yr  Iln  «)t 

ft  =  2~8^cos*«  j 


(3.38) 


If  we  average  over  a,  we  obtain  g^  =  ^  =  g^  =  2  —  4(x/a).  We  can  ex¬ 
plain  in  similar  fashion  the  Isotropy  of  the  hyperflne  structiwe  of 
the  paramagnetic  resonance  spectrum. 
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§3.7.  Salts  of  Rare-Earth  Elements 

It  Is  well  known  that  the  room-temperature  static  magnetic  sus¬ 
ceptibility  of  rare  earth  salts  can  be  calculated  by  assuming  that  the 
carriers  of  the  paramagnetism  are  the  three  rare  earth  Ions  In  states 
determined  by  H\ind's  rule  [10],  This  hypothesis  Is  also  confirmed  by 
optical  data  [44].  We  can  therefore  conclude,  first,  that  deviations 
from  the  normal  (Russel -Saunders)  coupling  are  small,  at  least  In  the 
ground  states,  and  second,  that  the  action  of  the  crystal  field  on  the 
paramagnetic  Ion  is  weak  and  not  capable  of  disturbing  the  spln-orblt 
coupling.  The  latter  Is  explained  by  the  following  two  singularities 
of  rare  earth  Ions. 

1.  The  magnetic  properties  of  the  rare  earth  Ions  are  due  to  the 
low-lying  4f -electrons,  the  mean  distance  of  which  to  the  nucleus  Is 
much  smaller  than  that  of  the  3d  electrons.  In  addition,  the  external 
electron  shell  has  a  screening  effect.  The  crystalline  field  therefore 
causes  In  the  rare  earth  elements  level  splittings  on  the  order  of  100 
cm“^,  l.e.,  about  100  times  smaller  than  in  Ions  of  the  Iron  group. 

2.  Multiple  splitting  Is  much  larger  In  rare  earth  Ions  than  In 

3  4-1 

Iron-group  Ions;  It  has  axi  order  of  lO-’-lO  cm  . 

The  spin  orbit  coupling  thus  turns  out  to  have  a  much  stronger 
Influence  than  the  crystalline  field,  and  therefore  the  Hamiltonian 
for  the  paramagnetic  Ion  must  be  written  In  the  form 

(3.39) 

^  0 

Here  H  is  the  Hamiltonian  of  the  free  Ion.  In  the  per txirbat Ion-method 

*0 

calculations  we  shall  start  from  the  ground  state  at  H  ,  In  which  the 
conserved  quantities  csin  be  taken  to  be  the  total  angular  momentiun  J 
and  the  orbital  and  spin  momenta  L  and  S.  Sometimes  higher  approxima¬ 
tions,  which  take  Into  account  the  Influence  of  the  excited  levels  of 

H®,  are  of  Importance;  it  Is  usiially  sufficient  to  consider  the  first 

• 


excited  niultlplet  level.  The  Intervals  between  the  ground  and  flrst- 
exclted  levels  are  known  for  many  elements  from  optical  and  magnetic 
measurements.  For  the  remaining  elements,  the  multiple!- structure 
constant  can  be  estimated.  In  accordance  with  [45],  from  the  following 
formula: 

X  =  200(Z— 55><r4t-‘.  (3.40) 

Table  3.5  lists  the  ground  state  of  the  rare  earth  Ions,  and  also 
the  data  on  the  first  excited  energy  levels,  known  from  experiment  and 
obtained  with  the  aid  of  (3«40). 

Let  us  proceed  to  examine  the  splittings  of  the  (2J  +  l)-fold 
level  of  a  free  Ion  In  a  crystalline  field  Hj^.  Unlike  the  hydrated 
salts  of  the  Iron  group  elements.  In  which  the  paramagnetic  Ion  Is  usu¬ 
ally  surrounded  by  an  octahedron  of  water  molecules  which  produces  a 
strong  electric  field  of  cubic  symmetry.  In  most  salts  of  rare  earth 
elements  the  paramagnetic  Ion  surrounding  produces  a  field  of  trigonal 
symmetry  [47].  The  energy  levels  of  Ions  containing  an  odd  number  of 
electrons  therefore  splits  Into  J  +  1/2  doublets  (Table  3.2);  on  the 
other  hand.  If  the  nvunber  of  electrons  Is  odd,  singlets  and  doublets 
are  obtained  (Table  3.1). 

For  a  quantitative  calculation  It  Is  first  necessary  to  find  an 
expression  for  the  potential  of  the  crystalline  field.*  In  the  case  of 
a  symmetry  (formates)  the  potential  Is  given  by  formula  (3.3b),  In 
which  all  six  coefficients  differ  from  zero.  For  the  somewhat  higher 
symmetry  (ethyl  sulfates,  brcanates),  we  have  =  Ag  =  0.  The  mat¬ 
rix  elements  necessary  for  the  calculations  In  the  first  pert\irba- 
tlon-theory  approximation  can  be  obtained  with  the  aid  of  the  equiva¬ 
lent  operators  (Table  3.3);  the  common  factors  a,  p,  and  7  for  all 
rare  earth  Ions  can  be  determined  with  the  aid  of  the  ir  functions  cor¬ 
responding  to  the  states  with  maximum  J_,  by  chemglng  over  from  the 
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TABLE  3.5 

Energy  Levels  of  Free  Rare  Earth  Ions 
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2 

- 

OeitoBflot 
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Ce 

58 
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59 
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62 
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13) 

Eu 

63 
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64 
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Tb 

65 
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— 
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Dy 

66 

3  300 

— 

Ho 

67 
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•7f 

4  800 
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Br 

68 

/“•/../. 
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6  500 

8000 

(481 

Tm 

69 

/•••«. 

8  400 

8250 

(491 

Yb 

70 

10500 

10300 

[481 

1)  Element;  2)  ground  state;  3)  excited 

state;  4)  theoretical;  5)  cm“^;  6)  ex¬ 
perimental;  7)  reference. 


J,  3„  representation  to  the  L_,  S_  representation  and  then  to  the  1„,  s_ 

z  z  z  ^z  z 

representation  [8], 

A 

To  calculate  the  splittings  due  to  In  the  second  approxima¬ 
tion  we  must  know  the  matrix  elements  of  relating  the  ground  and 
flrst-exclted  states: 

<,/+».  J,). 

For  this  pvirpose,  the  following  formulas  were  described  In  [45,  51] s 


, 1.  J.\V\\ J.  J. )  =aVV, |/(7+T)*-yJ . 

,J-\-UJ»\V\\J.h)  =  gji  -  3  />  -  67  -f  2) 

( /  +  1.  -4  I  V';  I  y.  y,  I'rT/,  I337i  -  57;  (67*  +  1 27+  1 5)  4.  57*  + 
+  207*  —  67*  —507+1 2]  K(7+  1)*  •—  7^ 

(3+ 1.4  +  3 1 V^;  1-47,)  =1  —  +r*l227;  —  1 1  j;  (7—8)  —  7,  (47*4- 


■  +4I7_142)  +  (7-2)(7-7)(7+6)]|/'g|^^^g:, 

,7+.,7,+  »|.;|7.7.)=-^;f?/W^^:.  ■ 

The  coefficients  a,  p,  y  and  a>,  P',  y'  are  listed  In  Table 


3.6. 
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The  values  of  a,  p,  and  y  also  be  calculated  with  the  aid  of  the 
Racah  coefficients  [52]. 

After  solving  the  secular  equation  and  thus  determining  the  energy 
levels  of  the  Ion  In  the  crystalline  field  and  the  corresponding  wave 
functions.  It  Is  necessary  to  proceed  to  calculate  the  splittings  of 

A 

these  levels  by  the  external  magnetic  field.  We  know  that  gives 
rise  either  to  doublets  (Ions  with  odd  number  of  electrons)  or  to 
doublets  with  singlets  (Ions  with  even  number  of  electrons).  Since  the 
Intervals  between  the  energy  levels  In  the  crystalline  field  are  some¬ 
what  larger  than  the  Zeeman  splittings  in  ordinary  magnetic  fields,  we 
shall  consider  the  action  of  the  magnetic  field  on  each  level  sepa¬ 
rately.  Since  the  spin-lattice  Interaction  In  salts  of  rare  earth  ele¬ 
ments  Is  very  strong  at  room  temperature  (see  §5*3) >  the  ejtperlments 
must  be  carried  out  at  temperatures  that  are  so  low  that  only  the  low¬ 
est  level  la  populated  In  practice.*  It  is  clear  that  paramagnetic 
resonance  can  be  observed  if  this  level  Is  not  a  singlet.  The  wave 
functions  of  the  lower  doublet  are  used  to  calculate  the  perturbation 
matrix  elements  ^2  =  PHQ(ij  +  2I)  by  means  of  the  following  formulas: 

(3.4i) 

where  Sq  is  the  Lande  effect  for  the  free  ion  and 

<  y  + 1 ,  y,  I L  +  2  5, 1  y.  y,  > = / /(T+T)*^ , 
<y+i,y,dii|l,+2s,iy,y,>=<y+i,y,±  (3.^2) 

±  1 1  ±  j  (1^  +2s^)  I  y,  y,  >  =  IF  /K(y±y,+  i)(y±y,+2), 

where 


t 


. / (Z+A+S  +  2) (- y  + /.  +  S) (/ -  £  +  S  +  I ) (/ +  £_ 5 + 1 )1  T 
*  I  •‘(y+i?'(2/+i)(2y+3) - ; 


(3.43) 


The  valvies  of  Sq  and  g'  for  Indlvldxial  ions  are  listed  In  Table  3.6. 

The  perturbation  matrix  of  second  rank  has  a  trace  eqiial  to  zero 
and  can  be  represented  In  the  form  pS^Qg’?',  vAiere  Is  the  Pauli  mat- 
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TABIJE  3.6 


1)  Element. 


rlx  vector  and  £  is  a  certain  tensor  with  principal  values  g||,  gj^,  g|. 
If  the  wave  functions  of  our  doublet,  which  we  symbolically  denote  by 
|+>  and  |— >,  are  so  chosen  as  to  make  the  matrix  +  28^  diagonal, 
then 


^l  =  2|<-f|Z,  +  2S,|  +  >|. 
^l  =  2K  +  |i,  +  2SJ->|. 


Thus,  the  paramagnetic  resonance  spectrum  can  be  Interpreted  with 
the  aid  of  a  spin  Hamiltonian  with  effective  spin  S'  =  1/2; 


(3.45) 


Ions  with  an  even  nmber  of  electrons  call  for  a  special  analysis. 
In  this  case  It  Is  easy  to  show  that  the  nondiagonal  matrix  element  Is 

A  A 

<+|L  +  2S„  — >  =  0.  It  follows  therefore  that  there  should  be  no  para- 
magnetic  resonance  effect.  Indeed,  If  the  field  Hq  Is  parallel  to  the 
trigonal  axis  of  the  crystal,  then  the  magnetic  dipole  transitions  be¬ 
tween  magnetic  sublevels  will  be  forbidden,  but  if  Hq  Is  perpendicular 
to  the  trigonal  axis  then  ^  =  0. 

This  effect  was  nevertheless  observed  In  experiment,  for  example. 
In  praseodymium  salts.  An  explanation  of  this  effect  was  found  with 
the  aid  of  the  Jahn-Teller  theorem  [12]:  In  crystals  containing  Ions 
having  an  even  number  of  electrons  the  symmetry  of  the  electric  field 
is  lowered  to  such  an  extent  that  the  degeneracy  Is  completely  lifted 
and  the  doublets  are  split.  These  splittings,  assumed  by  Van  Vleck  [13] 
are  very  small  In  the  case  of  rare-earth  Ions  and  do  not  prevent  the 
observation  of  paramagnetic  resoneuices  under  usual  magnetic  field  In¬ 
tensities.  The  paramagnetic  resonance  spectrum  of  Ions  with  an  even 
number  of  electrons  can  be  calculated  with  the  aid  of  the  spin  Hamil¬ 
tonian 


where  A  = 


(3.46) 


Is  the  doublet  splitting  due  to  the  Jahn-Teller  ef- 
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feet  In  the  absence  of  the  magnetic  field 

Many  papers  have  been  devoted  to  a  detailed  theoretical  analysis 
of  paramagnetic  resonance  spectra  of  Individual  rare  earth  elements: 
cerlmn  ethyl  sulfate  [53j  50],  the  ethyl  sulfates  of  Nd,  Sm,  Dy,  Er, 
and  Yb  [54,  55],  to  the  double  nitrates  of  Ce,  Pr,  Nd,  and  Sm  [56]. 
Attempts  to  interpret  the  observed  paramagnetic  resonance  spectrimi  In 
dysprosium  double  nitrate  have  led  to  an  Interesting  result.  It  turned 
out  that  the  crystalline  field  can  be  divided  Into  two  parts  [57  ]•  a 
strong  field  of  very  high  symmetry,  namely  icosahedral,  and  a  weak 
trigonal  field.  For  the  field  of  Icosahedral  symmetry 

^  (--  w)  =  >  4.4;.  (3.47) 

and  all  the  remaining  A™  vanish.  To  calculate  the  level  splitting  In 
fields  of  high  sjrmmetry  It  Is  convenient  to  use  the  method  proposed  In 
[58]. 

A  large  number  of  field  constants  (up  to  six)  makes  difficult 
a  xmlque  Interpretation  of  the  observed  paramagnetic  resonance  spectra. 
It  Is  therefore  customary  to  make  use  also  of  optical  data,  of  results 
obtained  by  Investigating  the  dependence  of  the  static  magnetic  suscep¬ 
tibility  on  the  temperature,  or  of  Information  on  the  Faraday  effect. 

To  be  sure,  some  difficulties  arise  from  the  fact  that  paramagnetic 
resonance  Is  observed  In  strongly  dilute  solid  solutions  of  paramag¬ 
netic  salts,  whereas  other  experiments  are  made  with  concentrated  para¬ 
magnetic  crystals.  Dilution  changes  the  electric  crystalline  field  ap¬ 
preciably;  In  cerium  ethyl  sulfate  these  changes  cause  even  the  Inver¬ 
sion  of  the  two  lower  neighboring  energy  levels. 

Reference  [45]  deals  also  with  the  general  theory  of  the  hyper- 
fine  struct\ire  of  paramagnetic  resonance  spectra  of  rare  earth  ions. 
Calculation  of  the  hyperflne  splitting  of  the  electron  energy  levels 
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can  be  made  with  the  aid  of  the  spin  Hamiltonian  (3*29)  with  effective 
spin  S'  =  1/2.  If  we  denote  here  the  operator  of  magnetic  electron- 
nucleon  Interaction  by  (a/l)NI,  then  the  hyperflne  structvire  constant 
will  be  equal  to 

^  =  2ij<4-|/?,|+>.  fl==25<  +  |7?,|->.  (3.48) 

A 

The  nonvanishing  matrix  elements  of  the  operator  N  can  be  calculated 
with  the  aid  of  the  following  formulas 

(J....  ivviy....  )  =  \  (3.49) 

<y+i,  J,\NM  j 

The  coefficients  N  and  N'  are  listed  In  Table  3*6. 

Rare  earth  Ions  can  be  artificially  Introduced  Into  crystals 
which  produce  a  field  of  cubic  symmetry  around  these  Ions.  The  split¬ 
ting  of  the  energy  levels  In  a  field  of  cubic  symmetry  was  considered 
theoretically  In  [59 ]»  where  only  part  of  the  potential,  proportional 
to  r^,  was  considered.  Bleaney  [88]  has  shown  that  splitting  In  a 
cubic  field  can  be  calculated  with  the  aid  of  a  special  type  of  spin 
Hamiltonian. 

We  wish  to  note  In  conclusion  that  many  papers  [4,  6],  which  In 
their  day  have  played  a  major  role  In  the  explanation  of  the  magnetic 
properties  of  rare  earth  salts,  have  lost  their  Importance  because  of 
Incorrect  assunptlons  made  concerning  the  symmetry  of  the  crystalline 
field. 

§3.8.  Ions  In  the  S  State 

Paramagnetic  Ions  which  have  electron  conflgwatlons  3d^  and  4f^ 
are  In  states 

*55/j(Mn‘*  Fe**)  and 

The  resultant  orbital  moment  of  the  electrons  Is  zero,  and  the  electric 
crystalline  field  should  therefore  not  split  the  ground  levels  of  these 
Ions.  Actually,  a  small  splitting  has  been  ascertained  both  In  experl- 
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merits  on  adiabatic  demagnetization  and  from  observations  of  paramag¬ 
netic  resonance. 

The  complexity  of  the  processes  that  bring  about  the  splitting  of 
the  energy  levels  of  Ions  In  the  S  state  makes  It  difficult  to  attempt 
direct  calculations.  It  Is  therefore  customary  to  use  the  spin  Hamil¬ 
tonian  method.  In  the  absence,  of  an  external  magnetic  field,  the  spin 

t 

>  .  P-j- 

Hamiltonian  will  be  an  even  polynomial  of  fourth  degree  (for  Mn  and 

Pe^"^)  or  of  sixth  degree  (for  Gd^"*",  Eu^^,  Cm^"^)  In  the  projections  of 

the  spin  momenta  S„,  S_.  The  number  of  terms  of  this  Hamiltonian 

X  y  z 

Is  greatly  reduced  if  we  take  Into  consideration  the  symmetry  of  the 

o+  -aj. 

crystalline  field.  Thus,  for  example,  for  the  Mn  or  Fe^*  Ion  we  can 
write  the  spin  Hamiltonian  In  the  form 

-^cn  =  Z? (5j  - +  f  (y.  -  1  (SI  -f-  51  +  «)  +  (3.50) 

Here  the  first  term  takes  Into  account  the  effect  of  the  trigonal  or 
tetragonal  field  with  symmetry  axes  directed  along  the  Z  axis;  the 
second  term  Is  connected  with  the  small  deviations  toward  the  lower 
symmetries;  the  third  term  specifies  the  action  of  the  cubic-symmetry 
field,  and  S-^^,  Sg,  and  are  the  spin  components  referred  to  the 
cubic  axes;  the  last  term  takes  into  account  the  effect  of  the  external 
magnetic  field.  The  £  factor  of  Ions  In  the  S  state  is  Isotropic.  De¬ 
tailed  calculations  of  the  positions  and  Intensities  of  paramagnetic 
resonance  absorption  lines  were  made  In  [3I,  60]  for  Ions  with  S  =  5/2 
and  S  =  7/2  under  the  assumption  that  the  crystalline  field  has  a 
cubic  symmetry.  Both  strong  and  weak  meignetlc  fields  were  considered 
there. 

Let  us  dwell  briefly  on  different  mechanisms  capable  of  splitting 
the  grovind  levels  of  Ions  In  the  S  state  under  the  Influence  of  the 
crystalline  field.  The  origin  of  the  third  term  In  spin  Hamiltonian 
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(3»50)  was  explained  by  Van  Vleck  and  Penney  [61],  who  showed  that  If 
the  effect  of  a  cubic-symmetry  electric  field  and  of  the  spln-orblt 
Interaction  are  taken  Into  consideration  simultaneously,  then  the 
ground  level  of  an  Ion  with  configuration  d"^  Is  split  In  the  fifth- 
order  approximation.  The  constant  a  can  be  estimated  frcan  the  formula 

(3.51) 

Here  K  stands  for  the  matrix  element  of  the  potential  of  the  crystal¬ 
line  cubic  field  <3d|Vj^^|3d>,  calculated  with  the  aid  of  the  slngle- 

4  6 

electron  functions;  Epg  Is  the  energy  Interval  between  the  P  and  S 

ii 

terms  of  the  free  Ion.  Putting  K  =  10  cm  ,  X  =  300  cm  ,  and  Epg  = 

4  -1  -4  -1 

=  2.5*10  cm  ,  we  get  a  «  10  cm  .It  Is  known  from  experiment  that 

■a+ 

the  constant  a  Is  approximately  one  order  of  magnitude  larger  for  Fe-* 

O  I 

than  for  Mn  .  The  reason  for  It  Is  that  the  ratio  ^/Epg  Is  somewhat 

■3  J.  pj. 

larger  for  Pe-^  than  for  Mn  ;  f \irthermore ,  the  quantity  K  Is  obviously 
larger  for  a  trlvalent  Ion  than  for  a  divalent  one. 

The  origin  of  the  first  (and  second)  term  of  the  spin  Hamiltonian 
can  be  explained  In  two  ways.  Abragam  and  Pryce  [17]  called  attention 
to  the  following  splitting  mechanism.  The  magnetic  dipole  Interaction 
of  the  electron  spins  Inside  a  paramagnetic  atom  depends  not  only  on 
their  relative  orientation,  but  also  on  the  electron  coordinates.  If 
the  electron  probability  cloud  has  a  cubic  or  spherical  symmetry,  then 
the  averaged  energy  of  the  spin-spin  Interaction  Is  Independent  of  the 
orientations  of  the  spins  relative  to  one  another;  consequently  the 
ground  state  of  the  paramagnetic  Ion  Is  fully  spin-degenerate.  A  field 
of  tetragonal  or  trigonal  symmetry  slightly  deforms  the  electron  clouds 
and  makes  It  ellipsoidal  In  shape.  In  this  case  the  spin-spin  Interac¬ 
tion  averaged  over  the  electron  cloud  will  depend  on  the  relative  ori¬ 
entations  of  the  spins.  The  splitting  of  the  energy  gro\ind  level  of  a 
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paramagnetic  Ion  occurs  already  in  the  second  approximation  and  it 

will  be  proportional  to  —  35/12.  The  constant  D  can  be  estimated 

z 

from  the  formula 


<^DS 


(3.52) 

Here  U  =  <3d|U2|4s>,  and  Is  the  Interval  between  the  and 

3d^  terms.  According  to  Watanabe  [62]  a  term  of  the  type  D§?  arises 
In  foiirth-order  perturbation-method  calculations.  If  simultaneous  ac¬ 
count  Is  taken  of  the  spln-orblt  Interaction  and  the  effect  of  cubic 
and  axial  symmetry  fields.  An  estimate  of  the  splitting  can  be  made 
with  the  aid  of  the  formula 


x'Ary 


(3.53) 


where  U'  =  <3djU2|3d>.  Both  formulas  (3.52)  and  (3.53)  yield  |d|  «  o.l 
cm”^  If  we  assume  U  =  U'  =  10^  cm“^,  E^g  =  2.5*10^  cm"^,  and  r“^  = 

=  5aQ^;  this  Is  In  good  agreement  with  the  experimental  data. 

Analogous  splitting  mechanisms  were  considered  In  other  papers 
[62]  devoted  to  calculations  of  the  principal  terms  of  Ions  In  the  S 
state. 

If  the  paramagnetic  resonance  spectra  of  Ions  In  the  S  state  dis¬ 
play  a  hyperflne  structiire,  this  structure  can  be  calculated  by  adding 
to  (3.50)  the  spin  Hamiltonian  (3.29).  The  presence  of  a  hyperflne 
structure  in  electron  energy  levels  of  Ions  In  the  S  state  Is  appa¬ 
rently  due  exclusively  to  the  conflg\iratlon  Interaction. 

§3.9.  Covalent  Bonds;  3d,  4d.  and  5d  Transition  Groups 

Ionic  crystals,  the  paramagnetism  of  which  Is  due  to  elements  of 
the  3d>  and  5d  transition  groups,  frequently  contain  octahedral 
complexes  MXg:  the  center  of  such  a  complex  Is  occupied  by  an  atom  M 
with  unfilled  d  shell,  and  the  vertices  of  the  octahedron  are  either 
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water  molecules,  CN  radicals,  or  atoms  of  chlorine,  fluorine,  etc.  The 
bond  Inside  the  MXg  complex  Is  frequently  covalent,  something  first 
pointed  out  by  Pauling  [63],  who  attempted  to  explain  the  singularities 
of  magnetic  properties  of  potasslm  ferrocyanlde  with  the  aid  of  the 
theory  of  localized  pairs.  Van  Vleck  [64]  showed,  however,  that  the 
experimental  facts  pertaining  to  static  magnetic  susceptibility  can  be 
equally  well  explained  by  assuming  covalent  forces  within  the  complex 
Pe(CN)g  or  by  advancing  the  hypothesis  that  the  Interaction  Is  purely 
Ionic,  but  that  a  strong  crystalline  field  disturbs  the  normal  type  of 
bond  between  the  electrons  of  the  Iron  atom. 

If  the  molecular  orbital  method  Is  compared  with  the  localized 
pair  method.  It  tvirns  out  that  the  results  obtained  by  the  former 
method  are  more  general  and  closer  to  the  experimental  facts.  Detailed 
calculations  of  the  energy  splittings  In  a  strong  crystalline  field 
were  made  for  an  atom  with  configuration  d^  [65].  Van  Vleck's  theory 
was  later  extended  to  Include  cyanides  of  other  elements  with  electron 
configurations  from  d^  to  d^  [66].  A  further  Impetus  In  the  develop¬ 
ment  of  the  theory  of  the  covalent  bond  Inside  the  MXg  complex  was 
produced  by  the  discovery  of  the  unusual  hyperflne  structure  of  the 
paramagnetic  resonance  spectriun  of  Iridium  [67].  It  turned  out  that 
the  absorption  line  of  the  Iridium  contained  In  [IrClg]  has  a  struc¬ 
ture  due  to  the  magnetic  moment  of  the  chlorine  nucleus,  and  this  fact 
points  clearly  to  the  covalent  character  of  the  bond  within  the  com¬ 
plex.  A  detailed  analysis  shows  that  the  hyperflne  structure  of  the 
spectrxam  of  Ir  cannot  be  attributed  to  the  a  bond,  which  was  already 
Investigated  by  Van  Vleck,  so  that  It  becomes  necessary  to  assvune  that 
the  TT  bond  between  the  Irldlvim  and  the  chlorine  also  plays  a  notice¬ 
able  role.  A  general  analysis  of  the  theory  of  paramagnetic  resonance 
In  MXg  complexes  with  covalent  a  and  tt  bonds  was  made  by  Stevens  [68]. 
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Data  were  soon  complied  on  the  absorption  of  light  by  hydrated 
salts  of  the  Iron-group  elements  as  well  as  experimental  results  on 
paramagnetic  resonance  In  these  substances  [69]. 

Contradictions  arose,  and  these  could  be  eliminated  by  assuming 
that  the  bond  in  the  octahedral  complex  Is  partially  covalent.  Double 
covalent  bonds  were  established  in  the  vanadium  complex  of  vanadium 
sulfate  [70]  by  comparing  the  paramagnetic  resonance  data  with  results 
of  observation  of  optical  absorption  spectra  and  x-ray  structural 
analysis.  Further  generalization  of  the  theory  became  necessary  to  ex¬ 
plain  the  spectra  of  paramagnetic  resonance  of  chelates  [7I]  and 
fluorites  of  the  iron-group  elements  [72 ]j  to  set  up  the  molecular  or¬ 
bitals  for  fluorides  It  was  necessary  to  Involve  not  only  the  2s  and 
2p  functions  of  the  fluorine  but  also  states  with  principal  quantum 

number  n  =  3*  We  note  also  that  to  explain  the  hyperflne  structure  of 
2+ 

Mn  Ions  Introduced  Into  the  ZnFg  crystal  It  becomes  necessary  to 
take  the  covalent  bonds  Into  account  [89]. 

We  shall  present  a  general  analysis  of  the  effect  of  covalent 
bonds  on  paramagnetic  resonance  spectra  of  the  elements  of  d  transi¬ 
tion  groups  by  following  Stevens  [68]  and  Owen  [69]  and  using  the 
method  of  molecular  orbitals. 

a)  Energy  levels  and  molecular  orbitals  of  a  complex 

If  the  bond  were  purely  ionic  In  nature,  the  atom  would  be  a  posi¬ 
tive  Ion  with  unfilled  nd  shell  (n  =  3»  5),  Inside  of  which  the 

electrons  are  distributed  over  the  following  orbitals*;  ^22_r2^ 

<lx2_y2^  '^zx*  subscripts  Indicate  the  angular  dependence 

of  the  real  d  wave  functions.  If  we  disregard  the  Interaction  between 
the  electrons,  then  the  ground  level  of  the  atom  M  splits  In  a  crystal 
field  of  cubic  symmetry  In  accordance  with  (3.11)  Into  a  lower  triplet 
and  an  upper  doublet.  The  first  two  of  the  listed  orbitals  belong  to 

-  99  - 


the  doublet  and  are  called  after  Bethe  [1],  the  dY-orbltals.  The  func¬ 
tions  d^,  dy^,  and  d^^  belonging  to  the  triplet  are  called  de-orbitals. 
In  the  ion  approximation  the  particle  X  is  diamagnetic  and  is  a 

negative  ion  with  a  £  shell  that  is  filled  as  a  rule;  examples  are  X  = 

-1  -3 

=  Cl  or  0  .*  The  orbital  functions  of  the  atoms  M  and  Xg  must  be 

used  to  set  up  the  molecular  orbitals  of  the  entire  octahedral  con^jlex. 

We  first  consider  the  covalent  a  bond,  which  Is  formed  by  the  or¬ 
bitals  of  the  central  atom  nd^,  (n+l)s,  (n+l)p  and  the  p^  orbitals 
of  the  surrounding  atoms,  which  overlap  the  former  appreciably.  We  In¬ 
clude  among  the  p^  orbitals  also  the  _s  functions  of  the  X  atoms.  Alto¬ 
gether,  we  can  construct  6[2{6.y)  +  l(s)  +  3(p)]  binding  six  disinteg¬ 
rating  orbitals,  four  of  which  contain  magnetic  dy  orbits  [64]: 

aj,,  V 

V2l 

X  12/'*  2/>j  +  />!  -f-  />,  —  Pi  —  /),]„ 

ojt  _,.i  =  arf,,  _y,  _  Y~l  _a‘  -i  -|-  pi  —  p^  _  y,,],; 

=  ]/  1  —  aVj.j_,s-|-a  -~-X 
'  /2I  ^ 

XI2/'*  —  — 

We  denote  here  the  binding  orbits  by  o,  the  disintegrating  orbits  by 
a*f  and  use  the  subscripts  1,  2,  3»  4,  3,  and  6  for  the  X  atoms  located 
on  the  axes  X,  Y,  Z,  —X,  — Y,  — Z,  respectively.  The  coefficient  a  shows 
to  what  extent  the  if  functions  of  the  central  atom  and  of  the  environ¬ 
ment  are  mixed.  If  a  =  1,  the  bond  is  purely  Ionic;  on  the  other  hand, 
p  P 

If  a  =  1  —  a  =  0.5,  the  electrons  are  shared  by  M  and  Xg  with  equal 
probability. 

The  covalent  tt  bond  can  be  formed  by  mixing  the  de  orbitals  of 


(3.54) 

(3.55) 


the  central  atom  with  the  p^  orbitals  of  Xg.  This  bond  should  generally 
spealclng  be  weaker,  since  the  directions  of  the  combining  orbitals  are 
such  that  they  overlap  little.  The  molecular  orbitals  have  the  follow- 
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Ing  form  [68,  69]: 


(3.56) 

(3.57) 


1— P'i- 

^X,  =  V\~  p  •  +  ^\[p^+Pt~p^~ 

The  other  four  combinations  7r„„,  tt*  7t„„,  7r*„^  are  obtained  from 

yz  yz'  zx’  zx 

(3*56)  and  (3»57)  t»y  cyclic  permutation  of  the  Indices.  The  coeffi¬ 
cient  p  shows  how  large  the  tt  bond  Isj  when  p  =  1  there  Is  no  tt  bond. 

In  expressions  (3.5^)-(3.57)  we  have  neglected  the  Influence  of  the 
overlap  of  the  atomic  orbitals  of  M  and  Xg  and  the  normalizations  of 
the  a  and  tt  functions. 

Figure  3*3  shows  a  possible  level  scheme  for  the  free  atoms  M  and 
Xg  and  for  the  complex  MXg.  We  see  that  the  a  bond  Increases  the  split¬ 
ting  A  due  to  the  cubic  field  of  the  crystal,  while  the  tt  bond  de¬ 
creases  It  somewhat.  This  scheme  applies  to  the  cases  X  =  Cl“^  and  HgOj 
on  the  other  hand  If  X  =  CN“,  then  the  formation  of  the  tt  bond  with  M 
occvirs  with  the  aid  of  the  orbitals  of  the  excited  level  of  the  carbon 
atom,  which  lies  above  the  de  level.  Because  of  this,  the  sign  of  p 
should  be  reversed  In  (3*56)  and  (3*57)>  so  that  the  binding  orbitals 
become  disintegrating  orbitals  and  vice  versa.  Now  the  tt  bond  also 
leads  to  an  Increase  In  A. 

To  develop  the  theory  further,  as  already  mentioned  In  §3.1#  It 
Is  important  to  compare  the  action  of  the  cubic  field  with  the  Inter¬ 
action  between  electrons,  leading  to  the  formation  of  the  term.  In  hy¬ 
drated  salts  of  the  Iron  group  elements  the  value  of  A  is  much  smaller 
than  the  Interval  between  the  different  terms  of  the  free  paramagnetic 
lonsj  In  cyanide  and  In  a  few  other  salts  of  the  element  of  the  same 
group,  the  Inverse  relation  holds  true  In  the  compounds  of  the  ele¬ 
ments  of  the  4d  and  5d  transition  groups.  The  apparent  reason  for  the 
latter  is  that  In  heavy  elements,  first,  the  Russel-Saunders  coupling 
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Pig*  3»3*  Scheme  showing  the  transition  from 
the  orbital  energy  levels  of  a  paramagnetic 
atom  M  and  of  diamagnetic  atoms  Xg  to  the 

energy  levels  of  the  complex  MXg.  The  figures 

In  the  parentheses  Indicate  the  degrees  of 
orbital  degeneracy  of  the  levels.  1)  Unfilled 
(disintegrating  orbitals);  2)  magnetic  par¬ 
tially  filled  orbitals  (disintegrating);  3) 
filled  orbitals  (binding  and  nonbinding). 


Is  weak  and,  second,  the  d  orbits  lie  farther  away  from  the  nucleus 
and  therefore  overlap  more  strongly  the  orbits  of  the  Xg  atoms. 
b)  Hydrated  salts  of  the  Iron  group  elements 

The  procedure  for  calculating  the  spectr\mi  of  the  paramagnetic 
resonance  Is  the  same  as  In  §3*3,  but  only  the  perturbation  matrix  ele 
ments  (3*12)  need  now  be  calculated  with  allowance  for  the  presence  of 
the  covalent  bonds.  For  this  purpose.  It  Is  necessary  to  expand  the 
wave  function  of  the  entire  unfilled  electron  shell  In  terms  of  d 
functions  of  the  Individual  electrons,  and  the  latter  must  then  be  re¬ 
placed  by  the  orbitals  (3.54)-(3-57) •  Owen  [69],  who  took  only  a  bonds 
Into  acco\int,  has  shown  that  systematic  discrepancies  between  the  op¬ 
tical  and  magnetic  data  on  the  intervals  A  can  be  eliminated  by  choos¬ 
ing  suitable  values  of  the  coefficient  a.  Thus,  for  example,  for  Nl^'*’ 
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we  have  In  accord  with  the  previously  developed  purely  Ionic  theory 
g  =  2.0023  —  8x/Aj  on  the  other  hand.  If  we  take  the  covalent  a  bonds 
Into  account,  we  obtain 


=2,0023  — a*  (3.58) 

This  result  can  be  Interpreted  In  the  following  fashion:  each  of  the 

p 

two  impaired  electrons  has  a  probability  a  of  being  In  the  nickel 
atom  and  a  probability  1/6(1  —  a^)  of  being  In  each  water  molecule.  As 
a  result  the  spln-orblt  coupling  Is  reduced  and  In  place  of  X  we  have 
X'  =  a  X.  For  the  complex  [^(HgO)^]  the  experimental  values  of  A 
and  X,  taken  from  optical  observations,  as  well  as  the  values  of  ^  ob¬ 
tained  by  measuring  paramagnetic  resonance,  lead  In  accord  with  (3*58) 
to  a  value  a  =  O.83.  The  covalent  bonds  should  also  decrease  the  hyper- 
fine  splitting,  something  Indeed  observed  In  copper  salts  [25]. 


m'  %  X- - ; 

(T-L£)'  M 


(thsFIK 


(J'LS)'  AT 


Fig.  3.^.  Level  splitting 
scheme  of  the  ground  state  of 
the  octahedral  complex  under 
the  Influence  of  the  spln- 
orblt  Interaction  (LS),  the 
tetragonal  field  (T) ,  and  the 
magnetic  field  (m).  It  Is  as¬ 
sumed  that  the  constant  of  the 
tetragonal  field  Is  6  >  0;  If 
6  <  0,  then  the  lower  state 
for  the  configuration  (de)^ 
will  be  a  doublet.  The  dashed 
lines  Indicate  the  splitting 
occurring  only  In  the  second 
perturbation  theory  approximation. 
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exception  of  (de)^  have  triple  orbital  degeneracy.  Therefore,  owing  to 
the  Jahn-Teller  effect,  the  octahedral  symmetry  should  be  lowered. 

We  shall  assume  that  a  weak  field  of  lower  symmetry,  such  as  tet¬ 
ragonal,  Is  superimposed  on  the  cubic  field.  We  denote  the  total 
splitting  due  to  this  field  by  6.  If  we  furthemore  take  the  spln- 
orblt  Interaction  Into  account,  we  obtain  the  following  series  of 
values  for  the  energy 


W’T-,: 


£,=£,=1-4. 


(3.59) 


p  _  ^  I  ^ 

T  + 


2  • 


(3.60) 


The  energy  levels  (de)^^T2  are  obtained  from  (de)^  and  (de)^^T^  are 
obtained  from  (de)^  by  reversing  the  signs  of  6  and  X.  The  splitting 
of  the  level  (de)^  occurs  only  if  the  higher  approximations  of  per¬ 
turbation  theory  are  Included.  In  the  case  of  an  odd  number  of  elec¬ 
trons  we  have  Kramers'  doublet,  and  therefore  paramagnetic  resonance 
can  always  be  observed.  If  the  number  of  electrons  Is  odd,  observation 
of  paramagnetic  resonance  Is  possible  (the  ground  states  are  singlets) 
an  exception  Is  the  configuration  (de)  If  6  <  0.  Calculation  of 
doublet  splitting  In  a  magnetic  field  shows  that  the  ^  factor  de- 

O 

creases,  owing  to  the  covalent  bond.  Thus,  for  [IrClg]  we  have,  for 
example, 

^2.61) 

We  have  already  Indicated  that  covalent  bonds  produce  a  hyperflne 


structure  in  paramagnetic  resonance  lines,  due  not  only  to  the  momen¬ 
tum  of  the  M  nucleus,  but  also  the  momenta  of  the  Xg  nuclei.  Calcula- 
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tlon  of  the  hyperflne  structure  can  be  made  with  the  aid  of  the  spin 
Hamiltonian  (3*20),  containing  an  additional  series  of  terms  that  take 
Into  accovint  the  spins  of  the  Xg  nuclei.  Thus,  If  a  strong  magnetic 
field  Is  applied  along  the  Z  axis  and  only  the  octahedral  symmetry  of 
the  crystalline  field  Is  taken  into  account,  then  the  spin  Hamiltonian 
has  the  form 

^*cn  =  li  &X)o  -1-  -4'  {{S’Xh  +  (3.62) 

where  A'  =—(32/15)3^(1—  3^)gQ3Q3j^(r“^) .  The  subscript  0  pertains 
here  to  the  central  atom  and  the  subscripts  3  and  6  to  the  X  atoms  lo¬ 
cated  on  the  Z  axis. 

In  conclusion  we  must  note  that  the  spin-orbit  Interaction  can  be 
described  with  the  aid  of  a  single  constant  X  only  in  the  case  of  octa¬ 
hedral  symmetry.  Deviations  of  the  field  symmetry  from  octahedral 
cause  anisotropy  of  the  spln-orblt  Interaction. 

§3.10.  The  Actinides 

It  Is  firmly  established  by  now  that  the  transition  group  of  ele¬ 
ments  starting  with  thorlimi  contains  a  partially  filled  5f  shell  [44]. 
The  actinides  differ  from  the  4f  transition  rare-earth  group  In  their 
tendency  to  form  compounds  that  contain  complexes  which  are  rather 

pi 

stable  chemically,  similar  to  the  uranyl  Ion  (UOg)  .  A  systematic  in¬ 
vestigation  of  the  magnetic  properties  of  the  actinides,  and  particu¬ 
larly  paramagnetic  resonance,  began  only  recently,  and  so  far  only 
compounds  containing  UOg,  NpOg,  and  PuOg  have  been  well  Investigated. 
The  experimental  data  on  these  complexes  have  been  theoretically  In¬ 
terpreted  In  [74-76]. 

Let  us  start  with  an  examination  of  the  complex  UOg,  althovigh  It 
does  not  have  normal  paramagnetism  and  therefore  does  not  give  rise  to 
paramagnetic  resonance. 

The  structure  of  this  complex  is  linear;  O-U-0.  The  free  uranlvun 
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atom  has  a  closed  core  and  six  valence  electrons,  forming  a  conflgxira- 
tlon  5f^6d7s^.  Two  of  these  electrons  are  lost  In  (UOg)^"^,  a,nd  the 
four  remaining  ones  produce  a  strong  covalent  bond  with  the  oxygen 
atoms.  In  the  simplest  model  used  In  [74,  75],  only  the  a  bond  Is  as¬ 
sumed.  The  linear  combinations  of  the  5f^,  6d^,  and  7s  functions  form 
orbitals  which  are  highly  elongated  In  the  direction  of  the  oxygen 
atoms,  and  strongly  overlap  the  sp^  orbitals  of  oxygen.  Thus,  no  un- 

Q  1 

paired  electrons  remain  In  the  ground  state  of  (UOg)  ,  and  conse¬ 
quently  compounds  containing  uranyl  will  either  be  diamagnetic  or  will 
have  a  weak  temperatxire -Independent  paramagnetism. 

The  Ions  (NpOg)^'*',  (PuOg)^"''  and  (AmO^)^^  have  a  structure  and 

pi 

chemical  properties  similar  to  those  of  (UO^)  .  It  Is  natxaral  to  as¬ 

sume  that  the  character  of  the  bond  of  all  these  Ions  Is  the  same,  and 
that  the  additional  electrons  fill  the  5f  shell,  similar  to  the  4f 
electrons  of  the  trlvalent  ions  Ce,  Pr,  and  Nd.  However,  the  trans- 
uranyl  compounds  differ  greatly  from  the  solid  salts  of  the  lantha¬ 
nides  In  that  the  magnetic  properties  of  the  former  are  more  sensitive 
to  the  crystalline  field,  whereas  for  the  5f  electrons  of  the  actinides 
the  dominating  effect  Is  produced  by  the  axially  symmetrical  field  due 
to  the  binding  electrons  of  the  complex.  In  first  approximation,  the 
magnetic  properties  of  a  compound  containing  a  transuranyl  complex 
will  be  the  same  as  those  of  a  linear  molecule;  the  crystalline  field 
Introduces  small  corrections. 

The  complex  (NpOg)  contains  one  \anpalred  f  electron,  which 
moves  in  a  strong  field  of  axial  symmetry.  Therefore  the  conserving 
quantities  will  In  first  approximation  be  the  components  of  Its  total 
(J»)i  orbital  (1_)  and  spin  (s_)  angular  momenta  about  the  symmetry 
axis,  which  we  choose  to  be  the  Z  axis.  In  an  axial  field,  all  pos¬ 
sible  values  1^21  =  2,  1,  0  will  correspond  to  different  energy 
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levels.  The  very  lowest  level,  which  Is  located  about  10  cm  away 
from  the  neighboring  one,  corresponds  to  a  state  with  122I  =  3»  for  In 
this  case  the  charge  of  the  impaired  electron  Is  located  In  the  equa¬ 
torial  plane,  so  that  the  repulsion  between  it  and  the  electrons  form¬ 
ing  the  a  bond  will  be  minimal.  This  quadruply  degenerate  level  (1_  = 

=  +3 1  s_  =  +1/2)  Is  split  as  a  result  of  the  spln-orblt  Interaction 
Into  two  doublets:  J_  =  +5/2,  +7/2.  The  first  doublet  lies  3000-4000 
cm“^  below  the  second,  and  consequently  It  Is  the  only  one  responsible 
for  the  paramagnetism  of  neptunyl. 

The  paramagnetic  resonance  spectrum  can  be  calculated  with  the 
aid  of  the  following  simple  spin  Hamiltonian 

S' -h (H^  + H  5;) + aIs' -f- 

/(/+i)]-7Pa-a//:  (3.63) 

Here  g||  =  ^<+\l2.  denote 

the  wave  functions  of  the  lower  doublet,  while  S'  Is  the  effective 
spin  with  value  1/2.  In  the  approximation  that  takes  only  the  a  bond 
into  account  we  have  g|  =4,  =  0.  If  the  possibility  of  the  tt  bond 

is  also  taken  Into  account  then,  as  we  have  seen  in  the  preceding  sec¬ 
tion,  the  orbital  momentum  drops  and  1_  is  replaced  by  kl  :  k  < 

<  1.  Now  gj^  /  0,  g||  =  6k  —  2.  Comparison  with  the  experimental  data 
shows  that  k  =  0.9. 

Finally,  It  should  be  noted  that  the  large  electric  field  gradient 
produced  by  the  electrons  forming  the  covalent  bond  will  give  rise  to 
a  large  hjrperflne  structure,  due  to  the  quadrupole  moment  of  the  Np 
nucleus. 

pi 

The  complex  (PuOg)  contains  two  unpaired  electrons,  the  motion 
of  which  is  perturbed  primarily  by  the  axial  field  and  by  the  electro¬ 
static  repulsion  between  them.  For  the  same  reason  as  In  the  case  of 
neptunyl,  It  might  appear  that  the  unpaired  electrons  should  occupy 
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the  state  1_  =  +3.  Actually,  however,  because  of  the  electrostatic  re- 

pulsion  between  the  electrons,  the  ground  state  of  the  "configuration" 

2 

5f  Is  determined  by  the  modified  Hund  rule:  the  electron  spin  projec¬ 
tion  should  be  maximal,  S_  =  1;  the  projection  of  the  orbital  momentum 
should  have  a  maxlm\im  value  compatible  with  =  1,  namely:  ~ 

l^lg^j  =  2  and,  consequently,  =  +5-  The  spln-orblt  Interaction 
causes  further  splitting  of  the  energy  levels,  after  which  the  lower 
level  t\irns  Into  a  doublet  with  J  =  +(5  —  l)  =  +4. 

Elementary  calculation  shows  that  If  we  again  introduce  an  effec¬ 
tive  spin  S'  =  1/2,  then  for  this  doublet  gj|  =  6,  gj_  =  0.  The  proba¬ 
bility  of  transition  between  magnetic  sublevels  is  In  this  case  equal 
to  zero  Independently  of  the  direction  of  the  external  magnetic  field 
H.  A  detailed  analysis  shows  that  an  account  of  different  corrections 
does  not  change  the  fact  that  g^^  =0.  As  a  result,  the  paramagnetic 
resonance  has  a  maximum  when  the  alternating  magnetic  field  Is  parallel 
to  the  Z  axis.  The  reason  for  It  Is  that  the  previously  unaccounted  for 
crystalline  field  of  lower  symmetry  causes  an  Intermixing  of  the  wave 
functions  with  J^  =  +4.  It  must  be  kept  In  mind  that  the  doublet  con¬ 
sidered  here  Is  not  a  Kramers'  doublet,  for  the  number  of  unbound  elec¬ 
trons  Is  even  In  oxir  case.  Thus,  the  spin  Hamiltonian  will  have  the 
form 

^  X + —  V  (3.64) 


The  last  two  terms  take  Into  account  the  splitting  due  to  a  low-sym¬ 
metry  crystalline  field. 

.11.  Influence  of  Exchange  and  Dipole  Interactions  on  the  Form  of 


esonance  Spectrum 


Interesting  exchange  effects  were  observed  In  certain  salts  of 
copper.  The  temperature  dependence  of  the  static  magnetic  susceptibil¬ 
ity  of  copper  acetate  Is  xinusual  [77]*  Sharp  anomalies  In  the  magnetic 
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behavior  of  this  substance  were  also  observed  by  the  paramagnetic  reso¬ 
nance  method  [78].  All  these  singularities  can  be  explained  as  follows. 
The  crystalline  cell  of  copper  acetate  has  two  closely  adjacent  para¬ 
magnetic  Ions,  which  behave,  as  the  result  of  the  strong  exchange  bonds 
between  them.  In  a  manner  similar  to  a  single  "molecule,"  capable  of 
being  either  In  a  paramagnetic  state  with  spin  S  =  1,  or  In  a  diamag¬ 
netic  state  with  spin  S  =  0.  It  Is  well  known  [10]  that  the  exchange 
bond  Is  characterized  In  the  absence  of  other  forces  acting  on  the 
spins  by  a  cosinusoidal  dependence  on  the  spin  direction;  the  exchange 
energy  Is  equal  to  — where  J  stands  for  the  exchange  Integral 
and  and  Sg  are  the  spins  of  the  Interacting  atoms.  It  has  been 
shown  at  the  same  time  that  If  there  are  other  than  exchange  forces, 
which  also  strongly  Influence  the  spin  directions,  then  the  cosinus¬ 
oidal  law  may  still  be  valid,  but  only  for  the  "effective"  spins  [21, 
22].  In  copper  acetate  the  exchange  Interactions  are  much  stronger 
than  the  spln-orblt  coupling  (which  appears  only  In  the  second  approx¬ 
imation),  and  therefore  the  Hamiltonian  for  the  system  of  two  copper 
Ions  under  consideration  will  have  the  form 

=  -^1  +  Xi  —  JSi^i  -|-  ^  -j-  LiSi)  -f- 

-l-p//o(£|-j-25i-f-A-f-2y,).  (3.65) 

The  subscripts  1  and  2  are  the  numbers  of  the  copper  ions  In  the  crys¬ 
tal  cell,  while  the  remaining  terms  of  the  Hamiltonian  stand  for  the 
energy  In  the  crystalline  field,  the  exchange  Interaction,  the  spin- 
orbit  coupling,  and  the  energy  in  the  external  magnetic  field.  The  ex¬ 
change  Interactions  split  the  lower  orbital  level  of  the  "molecule" 

Into  a  spin  singlet  and  a  triplet.  It  Is  possible  to  explain  with  the 
aid  of  (3.65)  in  natural  fashion  all  the  known  facts  concerning  the 
static  magnetic  properties  of  copper  acetate,  the  paramagnetic  reso¬ 
nance  spectrum,  and  Its  hyperflne  structure. 
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The  exchange  Interactions  Influence  the  form  of  the  paramagnetic 
resonance  spectrum  also  in  copper  sulfates  [79 ]>  but  here  the  anomalies 
have  a  different  character,  since  the  exchange  energy  is  comparable  in 
order  of  magnitude  with  the  radio  frequency  quantum;  its  value  is  ap¬ 
proximately  0.15  cm“^,  whereas  in  copper  acetate  J  =  300  cm"^. 

The  magnetic  dipole  interactions  usually  are  causes  of  broadening 
of  resonance  lines.  In  some  cases,  however,  when  the  substance  is  mag¬ 
netically  dilute  and  contains  at  the  same  time  magnetic  particles  that 
lie  closely  to  each  other,  these  interactions  can  bring  about  the  ap¬ 
pearance  of  a  fine  struct\ire  of  the  paramagnetic  absorption  spectrum. 
Such  a  structure  was  observed  in  neodymium  ethyl  sulfate  [80].  If  the 
static  magnetic  field  Is  parallel  to  the  hexagonal  axis  of  the  crystal, 
then  the  spectrum  comprises  a  symmetrical  triplet  with  intervals  of 
360  oersteds  between  the  extreme  absorption  peaks.  The  central  peak  has 
approximately  double  the  Intensity  of  the  extreme  ones.  Simple  calcu¬ 
lation  of  the  energy  of  dipole  Interaction  between  the  Ion  and  the 
neighboring  particles  yields  values  +2g||  p/c^,0,0;  here  c  =  7A  Is  the 
distance  between  two  closest  particles,  located  along  the  hexagonal 
axis.  Thus,  the  satellites  may  be  located  50g||  =  I80  oersteds  away  from 
the  central  peak.  A  more  complicated  spectriom  structvire  was  established 
for  gadolinium  ethyl  sulfate,  this  being  due  to  the  larger  spin  of  the 
Gd^"^  Ion. 

§3.12.  Forbidden  Spectral  Lines.  Multiple  Quantum  Transitions 

So  far,  when  speaking  of  a  paramagnetic  resonance  spectr\am,  we 
had  In  mind  resonance  lines  pertaining  to  such  spin  levels,  the  transi¬ 
tion  probabilities  between  which  differ  from  zero  In  the  first  per¬ 
turbation  theory  approximation.  Let  us  consider  now  several  causes  of 
the  appearance  of  additional  "forbidden"  resonance  absorption  lines. 


Ill 


a)  Dipole  Interaction  between  magnetic  centers 

Let  us  assume  that  the  crystalline  field  does  not  split  the  spin 
levels  and  that  consequently  each  level  corresponds  to  a  definite 
value  M  of  the  spin  momentum  projection  on  the  direction  of  the  field 
Hq.  Because  of  this,  magnetic  dipole  transitions  are  possible  In  the 
first  approximation  only  between  neighboring  levels  (AM  =  +1)  under 
the  Influence  of  the  oscillating  magnetic  field  perpendicular  to  the 
field  Hq.  We  now  take  Into  account  the  magnetic  dipole  Interactions 
between  the  paramagnetic  centers  of  the  crystals.  Because  of  the  in¬ 
teractions,  the  wave  functions  =  S,  S  —  1,  ...,  — S),  pertaining 

to  different  spin  levels  become  Intermixed  and  assume  the  form  (see 

§5-2)  1)*-}-  21  where  ~  3Va'^(g3HQ)“  ;  here  a  is  the  average  dis- 

tance  between  two  neighboring  magnetic  centers.  Now  the  nondiagonal 
matrix  elements  of  the  vector  S  will  be  different  from  zero  not  only 
In  the  case  when  AM  =  +1,  but  also  for  the  transitions  AM  =  +2  and  +3* 
If  we  assume  the  Intensity  of  the  principal  resonance  line  (AM  =  +l) 
to  be  equal  to  one,  then  the  intensity  of  the  lines  AM  =  +2  and  AM  = 

=  +3  will  be  ~4|e^|^  and  9|ej^|^,  respectively.  If  the  oscillating 
field  is  perpendicular  to  the  field  Hq.  If  the  fields  are  parallel, 
the  transitions  AM  =  +1  and  AM  =  +2  give  rise  to  two  forbidden  reso- 
nance  lines,  the  Intensity  of  which  Is  ~|  and  4|  e^|  .  The  exist¬ 
ence  of  forbidden  lines  was  first  established  experimentally  by  Zavoy- 
skiy  In  manganese  salts  [8l],  and  was  later  on  observed  by  others  [82]. 

b)  Hyperflne  Interactions 

With  Increasing  concentration  of  the  paramagnetic  centers,  the 
Intensity  of  the  additional  absorption  lines,  due  to  the  magnetic  di¬ 
pole  Interaction  between  centers,  will  become  weaker.  However,  other 

r 

*■  forbidden  absorption  peaks  can  arise  In  this  case,  if  the  nuclei  of  the 
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Pig*  3*5.  Level  scheme  and 
transitions  between  levels  In 
the  case  S  =  1/2,  I  =  1/2.  a) 
Quadrupole  moment  of  the  nu¬ 
cleus  is  equal  to  zero,  the 
alternating  magnetic  field  is 
perpendicular  to  HqJ  b)  quad¬ 
rupole  moment  different  from 
zero,  the  alternating  field  Is 
perpendicular  to  HqJ  c)  quad¬ 
rupole  moment  different  from 
zero,  alternating  field  paral¬ 
lel  to  Hq  (forbidden  transi¬ 
tions)  . 


paramagnetic  atoms  have  a  spin  different  from  zero.  Let  us  assume  that 
the  spectrum  of  the  paramagnetic  resonance  can  be  described  by  the 
following  spin  Hamiltonian: 

+  +  +  (3*66) 

We  assume  first  that  the  field  Hq  Is  parallel  to  the  Z  symmetry  axis 
of  the  crystalline  field.  Figure  3* 5a  shows  the  system  of  energy  lev¬ 
els  arising  under  the  influence  of  the  magnetic  hyperflne  Interaction 
for  the  particular  case  S  =  1/2,  I  =  3/2.  Because  of  the  quadrupole 
Interaction,  the  energy  levels  cease  to  be  equidistant  (Pig.  3* 5b).  To 
each  level  there  corresponds  a  wave  function  with  a  definite  mag¬ 
netic  quantimi  number  M  of  the  electron  spin  and  a  magnetic  quantum 
number  m  of  the  nuclear  spin.  The  arrows  in  Pig.  3 •5b  denote  the  trans¬ 
itions  that  are  allowed  by  the  selection  rule  AM  =  +1,  M  =  0,  provided 
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the  oscillating  field  is  perpendicular  to  the  permanent  field. 

In  the  second  approximation  of  pert\irbation  theory,  owing  to  the 
term  +  Syly),  the  wave  functions  assume  the  form  + 

“^+1  m+1*  “  ~  B/g||PHQ.  It  is  easy  to  verify  that  now,  if  the 

magnetic  oscillating  field  is  parallel  to  Hq,  there  should  appear  add! 
tional  absorption  peaks,  corresponding  to  the  transitions  AM  =  +1, 

AM  =  +2.  These  transitions  are  shown  in  Fig.  3.5c  by  the  dotted  arrows 
The  intensity  of  the  forbidden  lines  is  related  to  the  intensity  of 

p 

the  principal  lines  of  paramagnetic  resonance  approximately  as  |a  |:1. 
Forbidden  absorption  lines  in  parallel  fields  were  observed  experimen¬ 
tally  in  salts  of  cobalt,  manganese,  and  vanadium  [83]. 

If  the  field  Hq  is  inclined  to  the  Z  axis  of  the  crystal,  then 
the  possibilities  for  forbidden  transitions  become  greater.  The  addi¬ 
tional  lines  appear  not  only  in  parallel  but  also  in  perpendicular 
fields.  The  spectrum  becomes  particularly  enriched  with  forbidden 
lines  if  the  quadrupole  interactions  between  the  nuclei  and  the  crys¬ 
talline  field  are  large  [84]. 
c)  Multiple  quantum  transitions 

The  reason  for  the  appearance  of  additional  absorption  lines  may 
be  quantum  transitions  connected  with  simultaneous  absorption  of  sev¬ 
eral  photons  by  the  paramagnetic  atoms.  Such  trans 
Itlons,  which  are  forbidden  in  the  first  perturba¬ 
tion  theory  approximation,  become  possible  in  the 
higher  approximations  via  one  or  several  inter¬ 
mediate  states  of  the  atom.  Multiple  quantum  trans 
Itlons  produced  under  the  Influence  of  a  powerful 
radio  frequency  field,  were  first  discovered  in 
experiments  with  molecular  beams  [85],  and  then  by  the  method  of  nu¬ 
clear  magnetic  resonance  [86].  Observation  of  electron  paramagnetic 


t 
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Pig.  3.6.  Scheme 
of  two  quantxmi 
transitions  be¬ 
tween  levels  k 
and  m. 


resonance  has  recently  disclosed  the  existence  of  multiple  quantum 

C-L 

transitions  In  Mn  Ions  Introduced  Into  the  MgO  lattice  [87]. 

Let  us  assume  that  among  the  energy  spin  levels  there  are  three 
such  levels  and  E^^^  (Pig.  3.6)  that  but  j  « 

«  (w^j  =  (Ej^  —  Ej)/^).  We  assume  also  that  In  first  approxima¬ 
tion  the  transitions  between  neighboring  levels  k  * — *■  1  and  _1  ►  m  are 

allowed,  but  the  transition  k  ►  m  Is  forbidden.  The  state  of  the 
paramagnetic  center  can  be  described  with  the  aid  of  the  Hamiltonian 

-f  (3.67) 

where  fi__  Is  the  spin  Hamiltonian  which  determines  the  system  of  spin 
•  sp 

energy  levels  of  the  paramagnetic  center,  and  H'  Is  the  time-dependent 
part  of  the  Hamiltonian  representing  the  interaction  with  the  radio 

A  A  A 

frequency  magnetic  field,  while  +  iSy.  In  this  case  we  con¬ 

sider,  to  simplify  the  calculations,  a  field  rotating  with  angular 
velocity  CO  In  place  of  an  oscillating  field. 

We  assume  that  at  the  Initial  instant  of  time  the  atom  is  In  the 
state  k.  Then  in  first  approximation  of  the  theory  of  time-dependent 
perturbations,  the  probability  that  the  atom  will  be  in  the  state  1  at 
the  instant  of  time  t  Is 


|atfWI*  = 


v*:s.ioi’ 


I  I* 


(3.68) 


and  in  the  second  approximation  of  perturbation  theory  we  have 


—  I 


(3.69) 


We  see  that  the  probability  of  the  transition  k  m  Is  appreciably 
different  from  zero  If,  first,  the  frequency  of  the  alternating  field 
is  eqvial  approximately  to  and,  second,  if  the  matrix  elements 

of  the  perturbation,  which  relate  the  levels  m  and  k  with  the  Inter- 
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mediate  level  1,  are  not  equal  to  zero.  Let  us  now  talce  account  of  the 
fact  that  the  absorption  line  Is  finite,  for  which  purpose  we  Intro¬ 
duce  the  form  function  g(a))  (see  §1.3 )•  Carrying  out,  as  usual,  the 
Integration 

«^y=Jl"<y(OIVw(«))rf»,  (3.70) 


we  see  that  the  probabilities  of  the  transition  are  proportional  to 
the  time  t.  If  we  take  also  account  of  the  difference  In  the  popula¬ 
tions  of  the  levels  Ej^,  E^,  and  E^^^  and  recognize  that  the  quantity 
glj(O)  Is  Inversely  proportional  to  the  absorption  line  width 
then  we  obtain  for  the  ratio  of  the  Intensity  Ig  of  the  line  due  to 
the  two-quantum  transitions,  to  the  intensity  of  the  ordinary  1  ►  k 

resonant  line  the  following  expression: 


gWi 


— T - }  (3.71) 

We  see  that  the  intensity  of  the  line,  resulting  to  the  two-quantum 
tramsltlons,  becomes  larger  if  the  frequency  of  the  Larmor  precession, 
corresponding  to  the  magnetic  field  H^,  Is  comparable  with  the  fre¬ 
quency  interval  between  the  ordinary  absorption  line,  connected  with 
the  transitions  k  ■*^1  and  1  ►  m.  We  note  that  when  the  power  of  the 

radio  frequency  field  Is  so  large  that  gpH^/h  ~  (“ik  “  then 

the  use  of  perturbation  theory  is  not  Justified,  and  formula  (3* 71)  is 
no  longer  valid. 

Along  with  the  two-qviantum  transitions  which  we  have  considered, 
other  transitions  are  also  possible,  due  to  the  absorption  of  three  or 
more  photons.  In  the  third  perturbation-theory  approximation  we  obtain 
for  the  probability  of  a  three-quantum  transition 
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(3.72) 


I  a'ik  (0 1  *  =  IM  (/|^|/«)  IM 

vj  I* 

-^1  i  • 

Here  1  and  m  are  intermediate  states  through  which  the  transition  un¬ 
der  consideration  becomes  possible. 
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[Footnotes] 


Certain  exceptions  will  be  discussed  later  (see  §3.11). 

In  this  section  we  do  not  concern  ourselves  with  salts  hav¬ 
ing  Ions  In  the  S  state. 

Exceptions  are  encountered.  For  example.  In  cerium  ethyl 
sulfate  the  two  lower  levels  of  the  Ion  are  noticeably  pop¬ 
ulated  even  at  liquid-helium  temperature. 

By  orbitals  we  mean,  as  is  customary  In  quantum  chemistry, 
the  "orbital"  wave  functions  of  Individual  electrons. 


100  If  the  octahedral  complex  Is  formed  by  water  molecules,  then 

the  oxygen  atom  faces  the  M  atom. 

105  We  use  Mulllloen's  notation  for  the  terms  of  the  octahedral 
complex  [73]. 
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[List  of  Transliterated  Symbols] 


Kp  =  kr  =  krlstalllcheskly  =  crystalline 
TeTp  =  tetr  =  tetragonal 'nyy  =  tetragonal 
Tpur  =  trig  =  trigonal 'nyy  =  trigonal 
reKC  =  geks  =  geksagonal 'nyy  =  hexagonal 
poMd  =  romb  =  romblcheskly  =  rhombic 
TpwKJi  =  trlkl  =  triklinicheskly  =  trlcllnlc 
Kyd  =  kub  =  kubicheskly  =  cubic 
cn  =  sp  =  spin  =  spin 

=  eff  =  effektlvnyy  =  effective 
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Chapter  4 

SPECTRA  OF  IONIC  CRYSTALS.  EXPERIMENT 
§4.1.  Introduction.  Crystallographic  Data 

The  experimental  data  on  the  paramagnetic  resonance  spectra  In 
solids  are  listed  below  In  the  form  of  tables  In  §4.2.  The  data  on 
spectra  In  liquid  solutions  of  salts  are  contained  In  §4.3.  Finally, 
§4.4  gives  Information  on  nuclear  spins  discovered  with  the  aid  of 
paramagnetic  resonance.  In  the  first  column  of  the  tables  In  §4.2 
there  are  contained.  In  addition  to  the  chemical  formulas  for  the  para¬ 
magnetic  substance,  also  the  degree  of  Its  dilution  by  the  dlamagnet 
(usually  In  atomic  percent)  and  data  on  the  crystal  structure.  If  the 
latter  Is  Included  among  the  ten  most  Important  types  considered  In 
the  present  section  (see  below,  pages  126-129),  the  corresponding  num¬ 
ber  Is  listed  In  the  first  column.  For  example,  cr.  st.  1  denotes  that 
the  compound  Is  of  the  alvim  type.  For  other  crystal  structures,  refer¬ 
ence  Is  made  to  the  corresponding  crystallographic  literature;  the  num¬ 
ber  of  such  reference  Is  acconpanled  by  the  letter  "k. "  A  list  of 
these  references  Is  given  for  all  the  Ions  at  the  end  of  the  chapter. 
The  next  columns  give  the  temperature  of  the  experiment  and  the  basic 
spln-Hamlltonlan  constants  In  cm"^,*  determined  from  the  t3rpe  of  the 
spectrum. 

The  arrangement  of  the  material  follows  that  used  In  the  preceding 
chapter.  We  first  consider  the  Ions  of  the  Iron  group,  the  lower  or¬ 
bital  level  of  which  In  octahedral  magnetic  complexes  Is  a  singlet 
(V^'*’,  Cr^'*’,  Nl^"*’),  and  the  neighboring  Ions  Cr^'*',  Mh^"^  and  Cu^'*’,  which 
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also  have  a  lower  orbital  singlet  In  a  crystal  field  with  tetragonal 
component.  Finally,  It  Is  necessary  to  Include  In  the  same  group  such 

O-U 

confounds  as  CsCoCl^,  In  which  the  magnetic  Ion  Co  Is  surrounded  by 
a  distorted  tetrahedron  of  Cl“.  In  a  tetrahedral  magnetic  complex,  the 

sign  of  the  cubic  field  Is  opposite  that  In  an  octahedral  complex. 

2+ 

Consequently,  the  orbital  levels  are  Inverted,  and  the  Co  Ion  pro¬ 
duces  In  this  compoixnd  a  spectrian  which  Is  similar  to  the  spectra  of 
the  compounds  of  trlvalent  chromium  or  divalent  vanadium. 

■3+  4+  '^+ 

The  next  group  of  tables  contains  data  on  the  Ions  Tl*^  ,  V  ,  V'^  , 
Pe^^,  and  Co^"^  (Table  4.2).  These  are  followed  by  the  rare  earths.  We 
first  give  data  for  the  rare-earth  Ions  with  odd  number  of  electrons 
(Table  4.3),  and  then  for  those  with  even  numbers  (Table  4,4). 

2+ 

The  Ions  of  all  the  periodic-system  groups  In  the  S  state  (Mn  , 
Pe^'*’,  Gd^"^,  Eu^'*’,  and  Cm^"^)  are  listed  separately  (Table  4.5). 

The  next  set  of  tables  Is  devoted  to  compovinds  In  which  strong 
covalent  bonds  occur  between  the  paramagnetic  Ion  and  Its  surroundings 
(Individual  compounds  of  the  Iron  group,  and  also  compo\inds  of  the 
palladium  and  platlnimi  groups,  and  finally  the  actinides;  see  Table 
4.6). 

Table  4.7  lists  some  data  on  the  compounds  containing  atoms  of 
metals  In  anomalous  valence  states. 

Within  each  group  of  tables,  the  Ions  appear  In  order  of  Increasing 
atomic  nvimber  of  the  element  In  the  periodic  system. 

To  facilitate  the  use  of  the  bibliography,  the  references  are 
given  for  each  Ion  separately.  The  remarks  contain  certain  special  In¬ 
formation  concerning  the  struct\ire  of  the  given  compound  and  other 
properties.  The  symbols  used  In  the  tables  are  explained  on  page  3* 

For  each  Ion,  the  data  obtained  with  dilute  single  crystals  are 
followed  by  a  list  of  substances  Investigated  only  In  the  form  of  pov;- 


ders  or  magnetically  concentrated  single  crystals,  together  with  those 
constants  which  were  determined  by  this  Investigation. 

To  explain  the  form  of  the  paramagnetic  resonance  spectrum  of  an 
Ionic  crystal  It  Is  necessary  to  have  certain  crystallographic  data, 
usually  obtained  by  x-ray  structural  analysis.  The  paramagnetic  prop¬ 
erties  of  salts  are  determined  essentially  by  the  magnetic  complexes 
contained  In  these  salts.  It  Is  very  Important  to  know  how  many  such 
complexes  there  are  In  each  crystal  cell,  and  what  their  arrangement 
Is.  We  therefore  relate  with  each  magnetic  complex  a  rectangular  coor¬ 
dinate  system  X,  Y,  Z.  If  the  crystal  cell  contains  only  one  magnetic 
complex  or  If  there  are  several  complexes  which  are  all  equivalent  and 
Identically  oriented,  then  the  axes  X,  Y,  Z  coincide  with  the  prin¬ 
cipal  axes  K^,  K2,  of  the  magnetic  susceptibility  tensor.  In  the 
general  case,  on  the  other  hand,  the  axes  K^,  K^,  and  are  the  result 
of  the  averaging  of  the  axes  X,  Y,  Z  of  different  magnetic  complexes. 

It  must  be  borne  In  mind  that  the  axes  Kg,  do  not  coincide  In 

the  majority  of  cases  with  the  crystallographic  axes  a,  b,  _c. 

The  magnetic  complexes  of  the  compovuids  of  the  3d,  4d,  and  5d 
transition  groups  frequently  are  octahedra  with  a  paramagnetic  Ion  M 
at  the  center  and  Identical  particles  X  on  the  vertices,  at  a  distance 
R  from  the  center.  Such  particles  can  be  water  molecules  (the  Interval 
between  M  and  the  oxygen  atom  Is  approximately  2  A),  halide  Ions  (R  « 

»  2.5  A),  CN  radicals  (distance  from  M  to  C  »  1.8  A  and  to  N  «  3  A). 
Owing  to  the  Jahn-Teller  effect  and  to  the  particles  svirroundlng  the 
magnetic  complex,  the  octahedron  Is  so  deformed  that  the  electric  field 
acting  on  the  Ion  M  acquires  either  trigonal  or  tetragonal  or  even 
lower  symmetry.  The  first  of  these  factors  e;5>lalns  why  the  crystal 
field  can  change  appreciably  when  the  particle  M  Is  replaced  by  another 
one,  even  If  the  surroimdlng  remains  con^letely  the  same.  The  second 
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reason  explains  why  perfectly  Identical  complexes  MXg  can  have  differ¬ 
ent  symmetries  In  different  salts. 

We  consider  first  the  most  widely  Investigated  hydrated  salts  of 
the  Iron-group  elements,  the  octahedral  complexes  of  which  contain  six 
water  molecules. 

1)  Alums  [1-3]:  M'M'"  (S*02^)2*6H20,  where  M'  =  K,  Na,  Rb,  Cs, 

M'"  =  Al,  Grd,  La,  ...  or  the  trlvalent  Ion  of  the  3d  group  S*  = 

=  S,  Se.  The  symmetry  of  the  crystal  Is  cubic.  Each  cell  contains  fovir 
complexes,  the  positions  of  which  change  in  different  allotroplc  mod¬ 
ifications.  The  existence  of  a,  p,  and  y  modifications  Is  apparently 
connected  with  the  difference  in  the  dimensions  of  the  monovalent  Ions 
M'.  In  the  a  modifications,  the  octahedral  complexes  are  somewhat  de¬ 
formed  along  the  trigonal  axes  of  the  crystal:  [111],  [iTl],  [iTI], 
[llT]j  the  cubic  axes  of  the  octahedra,  on  the  other  hand,  are  turned 
about  the  [111]  crystal  axis.  All  four  complexes  of  the  unit  cell  of 
the  3  modification  are  perfectly  equivalent;  the  cubic  axes  of  the  oc¬ 
tahedra  coincide  with  the  cubic  axes  of  the  crystal.  The  paramagnetic 
resonance  In  the  crystals  of  the  y  modification  was  not  Investigated. 
At  temperatvires  80-l60°K  one  observes  phase  transitions  which  change 
the  symmetry  of  the  magnetic  complexes.  The  a  structure  of  the  alums 
usvially  occurs  In  salts  with  M'  =  K,  Rb,  Tl,  and  NH^^,  p  alums  occur 
for  M*  =  Cs,  (NH^CI^),  and  y  alums  occur  for  M'  =  Na. 

2)  Tutton's  salts  [1,  4,  5]:  M'2M"(S*0|^)2*6H20,  where  M'  =  K,  Rb, 
NHj^,  ...,  M"  =  Mg,  Zn,  or  a  divalent  Ion  of  the  3d  group.  The  crystal 
Is  monoclinic  and  contains  In  each  cell  two  M"(H20)g  ccmplexes.  Pour 
water  molecules  are  located  at  a  distance  1.9  A  from  M",  forming  al¬ 
most  a  square,  while  the  two  other  molecules  are  2.15  A  away  from  M". 
Thus,  the  symmetry  of  the  complex  Is  close  to  tetragonal.  One  can 
choose  the  Z  axis  as  the  tetragonal  symmetry  axis. 
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A  reflection  from  the  ^  plane  transfers  the  X,  Y,  Z  axes  of  one 
of  the  complexes  Into  the  axes  of  the  other  complex.  The  angle  between 
the  Z  axis  and  the  ^  plane  Is  designated  a.  i/  denotes  the  angle  be¬ 
tween  _c  and  the  projection  of  Z  on  the  ^  plane. 

3)  Double  nitrates  [1]:  M"2M"'2(N02)22*2^^2®^  where  M"  =  Mg,  Zn, 
or  a  divalent  Ion  of  the  3d  group,  M'"  =  Bl,  ...,  or  a  trlvalent  Ion 
of  the  4f  group.  The  crystal  Is  trigonal  and  contains  one  trlvalent 
and  two  divalent  Ions  In  each  unit  cell.  The  two  3d-magnetlc  complexes 
M"(H20)g  have  trigonal  deformations  that  are  somewhat  different  In  mag¬ 
nitude  . 

4)  Pluoroslllcates  [1,  6,  7]:  M"SlFg*6H20,  where  M"  =  Zn,  Mg,  or 
a  divalent  Ion  of  the  3d  group.  The  crystal  Is  trigonal;  It  has  been 
assumed  that  It  contains  one  molecule  per  cell  and  that  the  magnetic 
complex  Is  slightly  deformed  In  the  direction  of  the  trigonal  axis. 
Paramagnetic  resonance  Investigations  have  shown  that  there  are  six 
magnetic  complexes  In  each  unit  crystal  cell,  differing  only  In  the 
orientation  of  the  deformation  axes. 

5)  Bromates  [1,  8]:  M"(Br 02)2*61120,  where  M"  =  Zn  or  a  divalent 
Ion  of  the  3d  group.  The  crystal  has  a  cubic  symmetry.  The  four 
M"(H20)g  complexes  contained  In  the  unit  cell  are  octahedra  distorted 
along  the  trigonal  axes,  similar  to  the  analogous  complexes  of  the  a 
alvims. 

6)  Sulfates  [1,  9]!  M"S02^*7H20.  A  study  was  made  of  the  structure 
of  crystals  In  which  M"  =  Nl,  Zn,  Mg;  the  symmetry  Is  orthorhombic. 

Each  vinlt  cell  of  the  crystal  contains  four  complexes,  the  axes  of 
vdilch  go  over  Into  one  another  upon  reflection  from  the  symmetry  planes 
(100),  (010),  and  (001). 

In  addition  to  the  hydrated  salts  of  the  3d-group  elements,  the 
most  thorovigh  Investigations  were  made  of  the  cyaji  compoxinds.  In  which 
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the  octahedral  complexes  contain  six  CN  radicals.  Two  Isomorphic  series 
of  cyanides  were  Investigated: 

7a)  K2M"'(CN)g,  M'"  =  Cr,  Mn,  Pe,  Co.  The  crystal  has  a  symmetry 
which  Is  very  close  to  orthorhombic  [1,  10-12]. 

7b)  K2^M"(CN)g«3H20,  M"  =  V,  Mn,  Pe.  The  symmetry  of  the  crystal 
Is  monocllnlc  and  very  close  to  tetragonal  [1,  13]. 

In  both  series,  a  unit  cell  of  the  crystal  contained  four  magnetic 
congjlexes  which  were  pairwise  equivalent. 

The  X,  Y,  Z  axes  of  one  pair  can  be  obtained  by  reflecting  the 
axes  of  the  second  pair  of  complexes  from  three  mutually  perpendicular 
planes  of  the  crystal.  Among  the  compounds  of  the  4d  and  5d  group  ele¬ 
ments,  the  crystals  Investigated  In  greater  detail  are  those  contain¬ 
ing  octahedral  complexes  formed  by  halides,  namely: 

8a)  M'gM^Xg,  M'  =  K,  NH2j,  ...,  =  Pt,  Ir,  Mo,  ...,  X  =  Cl,  Br 

[1,  l4].  The  crystals  have  a  cubic  symmetry.  In  the  case  when  X  =  Cl, 
all  the  magnetic  complexes  of  the  crystal  cell  turn  out  to  be  fully 
equivalent  to  one  another.  On  the  other  hand.  If  X  =  Br,  then  the  oc- 
tahedra  of  the  three  complexes  contained  In  the  crystal  cell  are  some¬ 
what  distorted  along  the  three  different  cubic  axes. 

8b)  NagM^^Xg-SHgO,  M^  =  Ir,  Pt,  X  =  Cl,  Br  [1].  The  crystal  Is 
trlcllnlc;  the  number  of  con^jlexes  per  unit  cell  Is  unknown,  but  they 
are  all  perfectly  equivalent  magnetically.  There  Is  a  large  rhombic 
predominantly  tetragonal  distortion  of  the  symmetry  of  the  octahedral 
con^lex. 

There  are  apparently  no  octahedral  complexes  In  salts  of  the  rare 
earth  elements.  The  following  compovinds  were  Investigated  In  detail: 

9)  Ethyl  sulfates  [1,  15]:  M'" (C2H5S02^)2*9H20,  where  M'"  Is  a 
trlvalent  Ion  of  the  4f  group.  The  crystals  are  trigonal,  and  each 
unit  cell  contains  two  complexes  which  are  perfectly  equivalent.  Nine 
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water  molecules  are  located  at  the  vertices  of  three  Identical  equi¬ 
lateral  triangles,  which  are  parallel  to  one  another  and  whose  planes 
are  perpendicular  to  the  trigonal  axes  of  the  crystal.  In  the  center 
of  the  middle  triangle  Is  located  the  rare-earth  ion;  the  outermost 
triangles  are  turned  by  an  angle  7t/3  relative  to  the  middle  triangle. 

The  double  nitrates  (M'2M*"2(N02 )22’ were  considered  above 
(see  Item  3).  We  note  that  the  rare-earth  Ion  Is  surrounded  by  (NO^) 
groups  which  produce  a  field  of  trigonal  symmetry. 

10)  Nitrates.  From  among  the  compounds  of  the  5f -group  elements, 
the  ones  Investigated  in  detail  are  rubidium  nitrates,  containing 
groups  of  the  uranyl  type  [l6]  (M^02Rb(N02)2>  where  =  U,  Np,  Pu, 
...).  The  symmetry  of  the  crystal  is  rhombohedral;  each  unit  cell  has 
two  equivalent  con5)lexes.  Each  ccanplex  contains  the  linear  group 
0-M^— 0,  parallel  to  the  hexagonal  axis  of  the  crystal,  and  surrounded 
by  three  nitrate  groups  situated  in  a  plane  perpendicular  to  the  hex¬ 
agonal  axis. 
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123  The  hyperflne  structure  constant  Is  sometimes  marked  by  sui 

Index  Indicating  the  mass  number  of  the  Isotope  to  which  It 
pertains. 
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§4.2.  Spln-Hamlltonlan  Constants  for  Solid  Paramagnets 

1.  Iron  group  Ions  (L  ^  0)  with  lower  orbital  singlets  (see  Table  4.1, 
pages 

3d3  and  Cr^'*') 

The  lower  orbital  singlet  arising  under  the  Influence  of  the  octa¬ 
hedral  field  has  a  foiirfold  spin  degeneracy,  which  Is  split  by  the 
lower-syiranetry  fields  into  two  Kramers  doublets.  The  spin  Hamiltonian 
has  the  form 

^  +  //A ^  (sj  - 1)  +  £  (51  -  51) + 

with  S  =  3/2,  1  =  0  for  the  even  isotopes  Cr^^,  3/2  for  ^^Cr,  7/2  for 
and  6  for  The  value  of  I  for  has  been  determined  from 

experiments  on  paramagnetic  resonance. 

If  the  hyperflne  structure  is  disregarded,  the  levels  in  a  field 
HqI |Z  are  described  by  the  formula 

-  y  dt  {(1)  -  «?//,)’+  3£*}V . 

The  hyperflne  structure  in  Cr^'*’  salts  is  frequently  unresolved  owing 
to  the  smallness  of  the  constant  A  and  the  considerable  width  of  the 
absorption  lines. 

In  salts  of  with  a  field  Hq|  |z  and  when  sPHq  »  E  and  A,  ac¬ 
count  of  the  hyperflne  structure  yields  for  the  levels 

.  («=-2.  y,...,  — y). 

In  analogy  with  the  V^'*’  and  Cr^'*’  in  an  octahedral  environment, 

2+ 

the  Co  in  a  tetrahedral  complex  has  a  lower  orbital  singlet  which  is 

fourfold  spin-degenerate.  The  only  investigated  conroound  CSoCoClc- 

i  0 

yielded  a  spectrvon  described  by  means  of  a  spin  Hamiltonian 
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gt^MA  +  gJ(Hj,  +  H^,)  +  d(s; -^) 

with  S  =  3/2,  without  a  resolved  hyperflne  structure,  owing  to  the 
large  width  of  the  lines. 

3d^  (Cr^'*'.  Mn^'*') 

The  cubic  field  of  the  octahedron  and  the  trigonal  field  leave 
the  lower  orbital  doublet  degenerate.  The  orbital  degeneracy  Is  lifted 
by  a  tetragonal  field;  the  lower  orbital  level  remains  qulntuply  spin- 
degenerate,  with  the  degeneracy  lifted  by  a  rhombic  field. 

Only  the  sulfate  of  divalent  chromlimi  was  Investigated.  The  hy¬ 
perflne  structure  due  to  ^^Cr  was  not  resolved.  The  spin  Hamiltonian 
has  the  form  (S  =  2); 

^  =  ^glHA-\-^gL(fiJ^  +  M,Sy)  +  0(Sl-2)  +  £(Si-^). 

The  levels  In  a  field  Hq| |z  are  situated  at 

—  2D\  —D±  pW  4-  9£*)^ ;  2D±igi  p//. 

■3+ 

The  Mn-*  compounds  were  not  Investigated. 

3d^  (Nl^'*') 

In  an  octahedral  field  the  lower  orbital  level  Is  a  singlet  that 
Is  triply  spin  degenerate;  the  trigonal  and  tetragonal  fields  split 
this  level  Into  a  doublet  and  a  singlet,  while  rhombic  fields  split  it 
Into  three  singlets.  The  experimental  results  are  described  by  a  spin 
Hamiltonian 

(//A  4-  //A + //A) +D[ii-^)+E 

with  S  =  1  and  Isotropic  £}  no  hyperflne  struct\ire  was  observed.  For  a 
field  HqI |Z  the  levels  corresponded  to 

-jD.  + 

In  an  octahedral  field,  the  lower  orbital  level  Is  a  "nonmagnetic" 


-  132  - 


doublet.  A  field  of  rhombic  or  tetragonal  symmetry  splits  this  level 
Into  two  Kramers  doublets.  A  trigonal  field  does  not  split  the  lower 
orbital  doublet]  In  this  case  the  orbital  degeneracy  Is  lifted  by  the 
Jahn-Teller  effect  or  by  the  spln-orblt  coupling.  The  experimental  re¬ 
sults  are  described  by  a  spin  Hamiltonian 

^ = p  (<-,//,  S:,) + A^X  +  A  A  lx  + 

-D+p-vV-zb+APA 

with 

S  =  1/2  and  I  =  3/2. 

VIhen  HqMz  and  gPHQ  »  A  »  P'  the  levels  are  at  +1/2s^^q  + 

+  l/2A_m  +  P  (m^  -  5A)j  where  m  =  3/2,  1/2,  -1/2,  —3/2.  A  special 
case  Is  copper  acetate,  which  was  considered  above  In  Chapter  3* 

The  behavior  of  the  Tl*^  In  a  tetrahedral  sTArroundlng  should  be 
analogous  to  that  of  the  copper  Ions. 

2.  Iron-group  Ions  (L  /  0)  with  lower  orbital  triplet  (see  Table  4.2, 
pages  15^-155) 

3d^  (Ti3^.  Mn^'*') 

In  an  octahedral  field,  the  lower  level  Is  an  orbital  triplet, 
which  Is  split  Into  three  Kramers  doublets  by  the  lower -symmetry  field. 
When  the  octahedral  complex  Is  weakly  distorted,  the  spin- lattice  re¬ 
laxation  time  Is  quite  short  and  the  effect  Is  observed  only  at  very 

Q  I 

low  temperatures.  In  the  case  of  strong  distortion  (the  VO  or  MnO^ 
Ion),  the  relaxation  time  Is  long  enough  to  observe  the  effect  at  room 
temperatvires.  In  Ti^'*’  salts,  the  results  are  described  by  the  follow¬ 
ing  Hamiltonian  (S  =  1/2); 

The  hyperflne  structure  has  not  been  resolved  for  Tl^'*’.  It  Is  ob¬ 
served  in  dilute  vanadyl  salts  ( I  =  7/2  for  ^^V) . 


3d^  Fe^'*') 

In  an  octahedral  field,  the  lower  level  Is  an  orbital  triplet 
with  quintuple  spin  degeneracy.  A  rhombic  field  lifts  the  degeneracy 
completely.  In  the  case  of  (Pe,  Zn)P2  one  observes  a  weakly  split 
lower  doublet.  The  spectriun  is  described  by  a  Hamiltonian  (S  =  1/2, 
St  =  0)  .  ,  . 


where  A  characterizes  a  weak  splitting  of  the  doublet  by  the  low-sym¬ 
metry  components  of  the  crystalline  field. 

In  an  octahedral  field  the  lower  orbital  triplet  is  degenerate 

eind  Is  split  Into  Kramers  doublets  by  the  lower-symmetry  fields  and  by 

the  spin-orbit  coupling.  The  results  of  the  experiments  are  described 

by  a  Hamiltonian  (S  =  1/2,  I  =  7/2) 

=  P  +  g,H,s^)  +  A.s,  i.  4-  /;  +  A,  y;  4. 

Sometimes  one  obtains  g^  =  g^  =  g^;  =  A^  (axial  symmetry). 

3.  Rare-earth  Ions  (L  /  0)  with  odd  number  of  electrons  (see  Table  4.3. 
Fag^s'1^F-15tf)  -  - ^ ^ 

4f^  (Ce^'*').  4f^  (Nd^^).  4f^  (Sm^"^). 

4f^  (Dy^'*').  4f^^  (Er^'^i,  4f^^  (Yb^^) 

In  the  Investigated  cases,  the  experimental  data  are  described  by 

a  Hamiltonian  (S'  =  1/2) 

^ = ^11 + gj  iff  A + ffA), 

to  which  one  adds  In  the  case  of  odd  Isotopes  the  terms  of  the  hyper - 
fine  Interaction  +  B(S^I^  +  Syly).  Sometimes  (In  ethyl  sulfates 

of  Ce^'*')  a  second  doublet  Is  observed,  described  by  the  same  Hamilton¬ 
ian  and  located  several  cm”^  away  from  the  lower  one. 
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4.  Rare-earth  Ions  with  even  nturiber  of  electrons  (see  Table  4.4.  pages 

- 159-lbO) - - ' - ' 

4f2(pj,3+)^  4f^(Pm2'^).  4f^(Eu3+).  4f®(Tb3'^). 

4f^^(Tm5^) 

Since  the  number  of  electrons  In  these  Ions  Is  even,  the  lower 
spin  doublet  can  be  nondegenerate.  However,  a  trigonal  field  does  not 
lift  the  degeneracy,  and  the  components  of  the  lower  symmetry  In  ethyl 
sulfate  and  double  nitrate  crystals  are  small.  Paramagnetic  resonance 
Is  therefore  observable;  the  available  experimental  data  are  described 
by  a  Hamiltonian 

+  A  A + aA + 

In  this  case  g^  Is  assumed  eqxial  to  zero;  the  terms  A  represent  small 
splittings,  due  to  distortion  by  a  field  which  has  a  symmetry  lower 
than  trigonal. 

5.  Ions  In  the  S  state  (see  Table  4.5,  pages  I6O-I69) 

3d^(Mn^'*~.  Fe^"^) 

The  lower  orbital  level  Is  a  singlet  with  sixfold  spin  degeneracy. 
The  electric  field  of  the  water  octahedron  splits  the  singlet  Into 
three  Kramers  doublets  which  are  usually  spaced  less  than  1  cm“^  apart. 
The  spin  Hamiltonian  (for  the  odd  Isotopes)  has  the  form 

+ o  (ii  -  g) + i  f  (ij  -  ^  + U) + 4  ( M + AC + sy;). 

Here  a  Is  the  splitting  by  the  cubic  field,  i,  t,  ^  are  mutually  per¬ 
pendicular  axes,  with  respect  to  which  the  Z  axis  Is  In  the  [111]  di¬ 
rection. 

If  the  symmetry  of  the  magnetic  complex  Is  not  higher  than  ortho¬ 
rhombic  (for  example.  In  Tutton's  salts  of  Mn^'*'),  then  a  term  E(§^  — 

—  is  added  to  the  Hamiltonian. 

O' 
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Because  of  the  large  value  S  =  7/2,  the  spin  Hamiltonian  Is  very- 
complicated  and  will  not  be  written  out  here.  It  can  be  written  (with¬ 
out  account  of  the  hyperflne  structure)  In  the  form 

Here  each  Is  an  operator;  the  coefficients  are  determined  from 
experiment.  For  the  sake  of  convenience,  one  frequently  uses  the  fol¬ 
lowing  notation 

*1  =  ZBl  b\  =  3fl},  b\  =«  eoflj,  bl  =*  1 260flt  ** = 1 260flt 

With  bg  =  D,  b|  =  E,  3b|  =  P. 

2+ 

In  the  case  of  Eu  ,  which  was  Investigated  in  a  field  of  cubic 
symmetry,  ^  and  A  are  Isotropic,  but  the  complete  spin  Haunlltonlan  was 
not  established. 

6.  Compoimds  with  strong  covalent  bond  (see  Table  4.6,  pages  169-173) 
Included  among  such  substances  are  the  cyanides  of  trivalent  Iron 
and  divalent  manganese  from  the  3d  group,  and  also  all  the  Investigated 
paramagnets  from  among  the  compounds  of  elements  of  the  4d  and  5d 
groups. 

For  Pe^^^,  Mn^^,  Mo^,  Ru^^^,  Ag^^,  and  Ir^,  the  effective  spins 
have  a  value  S'  =  1/2  and  the  spectrum  Is  described  by  a  spin  Hamil¬ 
tonian 

= P  ig^A + g.ffA + 

to  which  the  corresponding  terms  that  take  the  hyperflne  structure  Into 
accoimt  are  added  for  the  odd  Isotopes.  In  some  cases  one  must  also 
take  into  acco\int  the  hyperflne  structure  due  to  the  interaction  be¬ 
tween  the  uncompensated  electron  and  the  spins  of  the  nuclei  of  the 
atoms  which  are  covalently  bound  with  the  central  atom  (for  exan?)le, 
in  the  case  of  (NH^)2[IrClg],  diluted  with  the  corresponding  platinum 
salt). 
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For  and  Re^,  the  spin  Hamiltonian  has  the  form 

y=-ne^A+gJiX+g,H^,)+ 

+  o  - 1  s(s+ 1)} + £  (SI  -  s;) 

with  effective  spin  S'  =  3/2.  For  odd  Isotopes  one  should  add  to  the 
Hamiltonian  the  terms  characterizing  the  hyper  fine  structiu’e  of  the 
spectrum. 

The  number  of  compounds  of  the  elements  of  the  4d  and  5d  groups. 
In  which  paramagnetic  resonance  spectra  were  Investigated,  Is  very 
small;  one  of  the  difficulties  entailed  in  the  Investigation  is  the 
choice  of  Isomorphous  diamagnetic  salts  necessary  to  weaken  the  mag¬ 
netic  dipole  Interactions,  for  the  latter  are  quite  appreciable  when 
the  Indicated  compoiinds  are  In  the  undllute  state.  The  last  group  in 
the  class  of  substances  with  strong  covalent  bonds  Is  made  up  of  the 
actinide  compounds.  Paramagnetic  resonance  Is  these  compounds  has  also 
been  Investigated  In  a  very  small  number  of  cases.  In  double  neptunyl 
nitrate,  the  spectrum  Is  described  by  a  spin  Hamiltonian 

-f  £(5^, +^/,)  +  P (/•-.») 

With  effective  spin  S'  =1/2  and  I  =  5/2  (for  the  odd  Isotope 

For  plutonyl  we  have  g^  =  0  and  the  spin  Hamiltonian  has  the  form 

^ + A  A  4- 

The  effective  spin  Is  S'  =  1/2;  the  value  of  I  is  1/2  for 
/  241 

5/2  for  Pu.  The  last  two  terms  of  the  Hamiltonian  describe  small 
splittings  due  to  the  distortions  of  the  crystal  and  to  thermal  fluc¬ 
tuations. 


TABLE  4.1 


I.  <NH,),  V  (SO.),  •  6H,0 

H  (KO.  CT.  3) 

V:fn  =  l:3 
V  ;  Zn  =  I0-* 


1,951 

±0,002 


0,155 

±0,005 

0,158  0/M9 

±  0,010  ±  0,005 


K.V(CN)..3H,0  g  g. 

V:Fe_0,l— 5- 10“*  90,20  1,9919  1,9920  t,9920  —  0,0264  —  0,0072 

±0,0006  ±  0,0006  ±0,0006  0,0004  ±  0,0004 


V‘+  B  A1,0, 
V«+  B  MgO 
V:Mg~2-10-» 

V*+  •  ZnSir,  .  6H,0 


~1,98 

1,9803 

±0,0005 

l,t'70  1.9^6 


‘M 

0,0088 

±0,0002 


‘M 

—  0,00211 

±0,00003 

‘M 

—  0,00555 
±0,00003 

£=0,0091 

0,00740 

±0,00002 

—  0JD0839 


IBI 

2  SmevaMHi 

[1] 

<j;  =  +  4;, 
a  s  23,5* 

[2.  31 

-i'  =  +  2*. 
a  =22* 

=  0,3792 
±  0,0008 


Paramagnetic  resonance  Is  observed  also  In'VSOj^  (T  =  290°K)  [7] 

V(CgH2|)2|(CN)0  (T  =  from  270  to  20°K,  g  =  2.0)  [8];  V^'*’  In  phthalocya 

nine  (T  =  290,  20°K,  g  =  2.0)  [11]. 

Remarks,  a)  The  direction  cosines  are: 


a 

X  0,707 
Y  0323 
Z  0,470 


b 

0 

±  0.676 
rp  0,737 


e 

—0,707 

—0323 

—0,470 


m* " 


TABLE  4.1  (Continuation) 


1  ^lopHyu 

2 - 

r. -K 

t 

D 

B 

A 

AHTcpciyp* 

(NH4)Cr(S04),.  12H,0 

290 

1,98 

0,067, 

11-5.9.  101 

r)  d 

(up.  CT.  1) 

+  0,003 

193 

1,98 

0,042, , 

.  d:0,02 

90 

1,98  • 

0,017, 

.  ■  * 

±0,02 

pj  ' 

80 

1,98 

1:0,157 

±0.02 

±  0,002 
11:0,121 
±0,002 

20 

1,98 

1:0,158 

Cr:Al  =  2:17 

±0,02 

±0,002 
11:0,120 
+  0,002 

290 

1,97 

0,050 

(41 

Cr :  A1  =  1 : 0 

29S 

1,988 

0,0675 

(HI 

a.)  e 

Cr:Al=l:17 

±  0,001 

+  0,0010 

.  '  .  1,9771 

0,0492 

' 

Cr :  A1  =  1 : 47 

±  0,0010 

±0,0005 

1,9772 

0,0490 

+  0,0010 

±0,0005 

Cr:Al='l  ;47 

77 

1,9765 

±0,0010 

1 

I(NH,),ClCf(S04)..6H,0 

^  (up.  CT.  1) 

Cr:Al>-l:20 

373 

.  1:1,980 

1 :  0,0610 

112] 

«)  f 

±  0,005 

±0,0004 

11 : 1,980 

11 : 0,0488 

±  0,002 

±0,0004 

1  290 

1 : 1,980 

1 : 0,0750 

±  0,003 

+  0,0002 

• 

11:1,977 

11:0,0590  1 

1 

1 

±  0,001 

±0,0002 

1131 

Cr:AI«-l:50 

295 

'  1,975 
±0005 

1 : 0,0576 
±  0,0005  1 
11 : 0,0730 
+  0,0005 

195 

1,975 
±  0,005 

1 : 0,0696 
+  0,0006 

11 : 0,0882 
+  0,0010 

• 

• 

77 

1,975 

I ;  0,0822 

±0,005 

+  0,0010 

11 : 0,105 
+  0,003 

35 

1,975 

1 : 0,085 

±0,005 

+  0,003 
11:0,109 
+  0,005 

11-3) 

„  RbCt(S04),  •  12H,0 

4  (up.  «T.  1) 

290 

193 

1,98 

1,98 

0,082» 

.  +  0,003 
0,063 

±002 

0,054 

90,  21 

9  1,98 

±002 

17]. 

±0,001 

KCr  (Se04),  •  12H,0 

4  (up-  CT.  1) 

90 

20 

0,064 
+  0,002 
0,070 
+  0,002 

Cr:Al=l,;10 

90 

0,089, 

±0,001 

20 

0,008 

±0«)I 

I 
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TABLE  4.1  (Continuation) 


1  ^opuyM 

r.'K 

e 

P 

£ 

A 

2 

£HT«piTypa 

3 

r  3 — 

1 

Cr  :  A1  =  10-* 

90 

1,976 

1 

0,0900 

[14] 

±0,002 

+  0,0003 

20 

1,976 

0,0983 

0,002 

±0,0003 

KCr  (ScO,), .  12D,0 

90,20 

1,976 

OjOt 

0,001 8i 

[14]  j 

(Kp.  CT.  1) 

Al:Cr 

•+■0,002 

-+-  0,0001 

K,  Cr  (CN), 

90,20 

1,998 

~  0,045 

0,013 

[39,  15,  16] 

*)g 

(«p.  CT.  7) 

4*2 

±0,008 

Cr:  Co  =  0,1— 10-* 

90,20 

Sx  Sy  Sr 

1,993  1,9914  1,991 

+  0,0831 

+  0,0108 

+  0,00147 

[15,  16] 

s)  h 

±0,001  ±0,001  ±0,001 

±  0,0010 

±0/1010 

±0,00005 

4^ 

1,992 

-*-0,0002 

[39] 

Cr:Mn  =  0,l— 10-‘ 

90,20 

' 

1,992  1,995  1,993 

+  0,0538 

+  0,0120 

+  0,00147 

H)  J 

Cr  [(CH.CO),  CH], 

±01002  ±  0,002  ±0,002 

±0,0010 

±  0,0010 

±0/10010 

Ik.  1) 

Cr :  A1  =  1 : 50 

290 

1,983 

0,592 

0/152 

[17] 

k)  k 

Cr(CH.CF.(CO).CH], 

±0,002 

±0,002 

±0/102 

Cr:  A1 

290 

~1,98 

0,59 

[181 

Al/a . — ■2, 

optopomOhi, 

Cr  [(CF,CO),  CH], 

290 

~1,08 

0,70 

[18] 

Alai  =  1» 

Cr‘+  •  tlO, 

290 

1,97 

0,56 

0,27 

0/1017 

.  [351 

reiccaroM. 

Cr:TI  =  10-* 

• 

, _ 

_  J 

1 

j 

1 

5  Cr**  ■  AliOi 
^  Cf:Als=10-*— 10-* 

(OterniM  atMTHuii  Naaronoa) 

C  a;Al=lO-‘ 


5  Cf*+  %  Al,Be,(SiO,), 

5  Cr»+  ■  C*F, 

Cr:C«=IO-* 

5  Cr«-  •  MgO 


■  ZnF* 
Cr:Zn=iI(h» 


290 

4;2 

290 


78 

l.« 

90,20 

290,77 


290,  77 
90,  20 


290 


1,982 

±0,002 

1,979 

±0/109 

—  0,1912 
±0/1010 

1,973 

±0,002 

1,97 

±0/11 

-0393 

±0/102 

iSooo 

±0,0006 

1,980 

±0/101 

1,986 

±0,001 

0/1819 

f.98 

1:1,976 

±0/107 

11 ;  1,975 
±0,007 

1:1,958 
±0,004 
II :  1,959 
±0/106 

0,031 

±0,002 

Omu 

1:0,602 

±0,008 

II :  0581 
±0,008 

032 

i:0/)l 

A  0,001680 
±0,000004 
B  0,001680 
±0,000006 


'v  0,0010 
0,00160 
±0,00003 
Am^B 

ofiom 

±000004 


[19-21,  23] 

[22,  Z11 

(34) 


1,361 
[241 

i3flk  371 

PSl 


A!=2, 

A*a.  =  l. 
reKCiroH.  B 

n)  p 

*)  1 

M«=3,i.) 


A*ai  =  ®k  h)  n 

m)  m 
o) 


Paramagnetic  resonance  absorption  was  observed  also  at  room  temperature  In 


A)  Orthorhombic;  B)  hexagonal;  C)  (enriched  with  odd  Isotope) 


Remarks : 

a)  Below  160°K  there  are  two  different  magnetic  complexes. 

b)  The  temperatvire  of  the  crystalline  transition  Is  157  +  2°K. 
Below  this  point,  the  apectr\im  corresponds  to  rhombic  symmetry;  the 
direction  cosines  of  the  rhombic  axes  relative  to  the  tetragonal  axes 
a,  b,  _c  are: 

d  .  ^  .  c 

X  —0,35  i  0,05  —  0,35  i0,05  +0,87  ±0,03 

Y  +0,71  ±0,04  —0,71  ±0,04  0  ±0,05 

Z  +0,61  ±0,04  +0,61  ±0,04  +  0,50  ±0,04 


The  directions  for  the  other  three  Ions  are  obtained  by  rotating 
the  XYZ  system  about  the  c  axis  through  angles  7r/2.  D  and  E  remain  un¬ 
changed  between  90  and  13°K. 

c)  The  ten^ierature  of  the  crystalline  transition  I70  +  2°K.  Below 
this  point  the  spectrum  corresponds  to  rhombic  syTnmetry. 

d)  Crystalline  transition  near  80°K.  Below  this  temperature  there 
are  two  different  magnetic  complexes. 

e)  6  decreases  at  an  approximate  rate  O.OOO5  cm“^  deg“^  In  the 
ten5)erat\ire  Interval  from  295  to  77°K,  l.e.,  the  trigonal  component  of 
the  crystalline  field  decreases  with  decreasing  temperature. 

f)  The  crystal  has  three  alumlnvun  atoms  per  unit  cell,  located  on 
the  axis,  but  only  two  of  them  are  equivalent.  This  explains  the 
observed  Intensities  of  spectra  I  and  II:  spectrum  I  Is  twice  as  In¬ 
tense  . 

g)  Only  one  line. 

h)  The  direction  cosines  of  the  angles  at  T  =  20°K  are: 

a  be 

X  0,104  ±  0,994  0 

Y  0  0  1 

Z  0,994  ±0,104  0 


J)  The  direction  cosines  of  the  angles  at  T  =  90°K  are: 

a  b  e 


X  0 
Y  0 
Z  I 


±  0,996  0,087 

±0,087  0,996 

0  0 
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k)  The  nearest  surrounding  of  Cr^'*’  In  acetyl  acetonate  and  Its 
fluorine  derivatives  Is  a  distorted  octahedron  made  up  of  six  oxygen 
atoms;  the  local  field  Is  essentially  axial.  Between  290  and  90°K  one 
observes  In  acetyl  acetonate  a  gradual  transition  wherein  the  complex 
splits  at  90°K  Into  three  types  with  slightly  different  orientations 
of  the  Z  axes,  or  having  a  somewhat  different  splitting;  f  =  +22.5°» 
a  =  59°. 

l)  The  spectrum,  which  consists  of  one  Isotropic  line,  shows  that 
Cr*^  Is  In  a  strictly  cubic  crystalline  field. 

m)  the  spectrum  belongs  to  the  Cr^^  Ions  In  an  axial  crystalline 
field.  The  axes  of  the  nonequivalent  Ions  are  directed  along  the  cubic 
axes.  The  spectrimi  arises  at  large  concentrations  of  Cr*^  . 

n)  The  spectrum  belongs  to  the  Cr^'*’  Ions  In  a  rhombic  crystalline 
field.  The  directions  of  the  X,  Y,  and  Z  axes  are:  X  =  (llO),  Y  =  (iTO), 
Z  =  (001).  The  nimiber  of  Cr^^  Ions  In  the  rhombic  field  constitutes 

1/2  to  1/4  of  the  niunber  of  Cr^'*’  In  the  cubic  field.  The  spectrum 
arises  at  large  concentrations  of  Cr^"^. 

o)  The  presence  of  two  spectra  Is  attributed  to  different  relative 

arrangements  of  the  Cr^'*’  Ions  and  the  compensating  F"  Ions;  the  h3rper- 

flne  Interaction  with  the  F  nuclei  causes  only  a  broadening  of  the 

lines.  The  constant  of  this  Interaction  Is  approximately  3-5  oersteds. 

IQ 

The  constant  of  the  hyperflne  Interaction  with  the  ^F  nuclei  Is  ap¬ 
proximately  20  oersteds.  Absorption  In  zero  field  occurs  at  a  frequency 
V  =  (2847  +  2) -10“^  sec”^. 
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TABLE  4.1  (Continuation) 
Co** 


L  .popiyM 

r.'K 

'II 

D 

J! 

-2 — 

flHre- 

parypi 

2  Save'KHiia 

Cs|CoCI| 

Ik21 

90,  20 

2,32 

±0,04 

2,27 

±0,04 

- - 4,5 

0 

[1] 

Al  =  4.  KaiKjluft 

HOH  OKpyXCCH  HCKa- 
weiiHbiM  TCipasA- 
poM  113  4CI.  M,„  ~  1, 
cneKTp  coor.:eT- 

CTByer  aKClia.r  ;!oft 
CIIMMCTplIH  C  CCblO, 

ii3paaae.ibHoA  c 

Cr** 


iL  «^opMyji 

r,  "K 

'll 

'1 

D 

B 

fg - 

JiHTe- 

paiypa 

3  3aiic<iaaHa 

CfSO«  ■  5H,0 

290 

1,95 

1,99 

2,24 

0,10 

[1] 

Afa,=»2,  yro* 
Mcsicjiy  ocuMtf 
Z»86* 

Nl»* 


1  <»apayaa 

r,*K 

' 

D 

E 

r 

illMTt- 

piTyp* 

K,Ni(SO,),  •  6H,0 

290 

'  2,25 

—  3,30 

-0,51, 

-12,5 

11 

45 

m 

(Kp.  CT.  3) 

±0,05 

—  3,50 

-0,55 

12) 

±0.01 

±0,01 

'NH,),N1(S0,),.6H,0 

290 

2,25 

—  2,24 

—  0,38^ 

-14 

3,5 

45 

(1.  2) 

*) 

(ap.  CT.  J) 

±0.05 

±0,01 

±0,01 

90 

2,25 

—  1,99 

-0,48, 

-14 

3,5 

45 

I'l 

TI.Ni  (SO,),  •  6H,0 

±0,05 

290 

2,25 

—  2,65 

-0,10 

-II 

II 

45 

(ap.  CT.  J) 

-r-  0,05 

K',\i(SeO,), .  6H,0 

290 

2,25 

—  3 

-1 

—  13 

0 

45 

(ap.  CT.  J) 

±  0,05 

'•'•n,),Ni(ScO,),.6H,0 

290 

2,25 

—  1,89 

—  0,79 

—  28 

0 

50 

11] 

(ap.  cr.  J) 

-h0,05 

90 

2,25 

—  1,73 

-0,82 

—  28 

0 

SO 

(>I 

±0,05 

'i>>-a:(NO,)„.24H,0 

90 

2,24 

0,177 

0 

J3I 

)  v-  in*’-  "• 

1:800 

±0,002 

a)  M  =  4.  Each  ion  is  surrounded  hy  a  dis¬ 
torted  tetrahedron  made  up  of  4  chlorine 
atoms .  1,  the  spectrvun  corresponds  to 

axial  symmetry  with  an  axis  parallel  to  c. 
B)  =  2,  the  angle  between  the  Z  axes  Ts 

86°. 
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TABLE  4.1  (Continuation) 


i 

} 

i 

I 

1 

I 

j 

I 


4 

4- 

A 


1  4>opiiyji> 


r, ‘K 


NiSIF, .  eH,0 

(icp.  CT.  4) 


Ni(BrO.),  •  6H,0 

(Kp.  CT.  5) 

NiSO,  •  7H,0 

(KB.  CT.  6) 

Ni*^  B  MgO 

(nopoiflOK) 


Ni'*  B  CdCI, 
NiCI, 

(nopouoK) 


290 

195 

90 

60 

20 

U 

290 


290 

290 

boo 

77 

4 

20 

1290 

90 

50,2 

40,6 

20,4 


2,3 

2,29 

2,26 

2,29 

2,34 
-i  0,02 

2.29 
:0,04 

2,2. 

2,225 
:  0,005 
2,227 
:  0,005 
2,234 
;  0,004 
2,28 
2,25 
2,24 
2,27 
2,46 

2.30 


0,50 
0,32 
—  0,17 
-0,14 
-0,12 
-0,12 
-0,6 


1,93 

±0,04 

-3,5, 


1,4100 


0 

-1,5. 


2~- 

JfnTt- 

Ip.iyp* 


K5J 


[6) 

I7| 

[8| 

19,  lOlj 


16 

17 


6)  b 


B)  C 


r)  d 

ji)  e 


of 

*)g 


a)  (Powder). 


Paramagnetic  resonance  absorption  was  observed  also  at  room  tem¬ 
perature  in:  NlBrg  (g  =  2.27)  [11] J  NlBr2(NH2)g  (g  =  2.l4  and  2.16) 

[12,  131}  NlClg  (g  =  2.21)  [11];  NlClg-eHgO  [l4];  Nll2(NH3)5  (g  =  2.l4) 
[13,  ?];  Nl(CgH2^)2|(CN)3  (g  =  2.20;  T  =  270  -  20°K)  [15];  Nl(NH3)gC102^ 

(g  =  2.17)  [13]. 

Remarks : 

a)  When  Zn;Nl  =  50,  the  parameters  and  the  axes  remain  practically 
unchanged. 

b)  When  Zn;Ni  =  4.l6,  D  Is  approximately  20^  larger  than  in  the 
undiluted  salts  at  all  temperatures. 

c)  The  dependence  of  D  and  _£  on  the  hydrostatic  pressure  £  was 
investigated;  £  is  independent  of  £,  dD/dp  =  0.834.10"  cm"  /kg-cm  ; 

p 

D  =  0  when  p  =  6200  kg/cm  . 

d)  For  one  complex,  the  direction  cosines  of  the  axes  are:  Z  (0.95; 
0.3I;  0),  Y  (-0.3I;  0.95;  0,09).  The  axes  of  the  other  complex  are  ob- 
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talned  by  mirror  reflection. 

e)  One  line,  the  width  of  vSilch  hardly  changes  with  temperature. 

f)  The  cubic  field  Is  subject  to  trigonal  distortion. 

g)  The  low-temperature  measurements  may  not  be  accurate  (see  Or¬ 

ton,  J.W. ,  Rep.  progr.  Phys.  22,  204,  1959).  The  axes  and  Zg  of  two 
Ions  lie  In  the  K^OK^  plane,  with  the  angles  Z^OK^  and  equal  to 

+0,  where  the  angle  K^Cc  =  f.  Is  approximately  parallel  to  Yg,  and 
both  axes  lie  In  the  KgOK^  plane  with  the  angle  X^OKg  equal  to  a  and 
the  angle  YgOKg  equal  to  90°  —  a. 

TABLE  4.1  (Continuation) 

Cu^"*’ 

Tutton's  Salts  (cr.  st.  2) 


1  0opMyM 

r,  "K 

£ 

.  4 

P 

«• 

■2 - 

JlNT«- 

p*Typ* 

Smia 

gt 

gi 

Cs,Cu  (SO,), .  6H,0 

90 

2,08 

±0,02 

2,06 

±0,02 

2,43 

±0,02 

•+114 

40 

[11 

gi 

gi 

gi 

K.Cu  (SO,),  •  6H,0 

290 

2,31 

±0,03 

2,07 

±0,03 

2,25 

±0fi3 

+  105 

[2] 

&r 

gy 

gi 

90 

2.14 

±0,02 

2,04 

±0,02 

2,36 

±0,02 

+  105 

42 

[1] 

g. 

ga„(K,K,) 

gi 

Cu :  Zn  sa 

-2  •  10-*  — a  - 10-* 

290 

2,05 

±o,a3 

2,25 

±0,03 

2.26 

±0,03 

+  15 

32 

I2J 

gt 

^.„(A’iA:.) 

20 

2,44 

±0,02 

2,13 

±0,02 

0,0103  0,0034 

±0,0005  ±0,0005 

0,0011 

±0,0001 

•a*+t06 

42 

±2 

[3] 
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TABLE  4.1  (Continuation) 


1  ^opicyia 

r.*K 

e 

A 

P 

«• 

_e — 

;iHTa- 

pityp* 

73- - 

Cu;  ZnasS:  lO** 

77 

5,47 

d:0,05 

"i08 

±0,04 

1 

A 

—  0,0083 

B 

0,0045 

0,001 

142] 

a) 

K.Cu  (SO,), .  6D,0 

Zn:Ctt«B  200— 1000 

Zx 

Zt 

Ax 

=  1,069 
±0,003 

20 

2,16 

±0,02 

2,04 
±  0,02 

2,42 

±0.02 

<0,0017 

+  0,0061 
±0fi003 

—  0,0099 
±0,0001 

+  0,00110 
±0,00005 

«+105 

43 

(3) 

F 

1 

0,00013 

ZraUK^K,) 

i 

±0/)0006 

±0,02 

K,Cu  (SO,), .  6H,0 

it 

Zi 

90 

2,38 

2,07 

2,04. 

t 

+  73 

37 

(I] 

±0,02 

±0,02 

±0,02 

(NH4),Cu(S0,),.6H,0 

290 

2,32 

Zi 

2,09 

2,25 

i 

+  77 

[4fi9] 

±0,03 

±0,03 

±0,03 

1 

Zz 

Zi 

i 

90 

2,45 

2,12 

2,06 

+  65 

39 

[1] 

±  0,02 

±0,02 

±0,02 

Zn:Cu  >150  —  2000 

Zi 

Smix 

Zi 

1 

290 

2.04 

2,26 

2,28 

1 

+  167 

32 

121 

±0,03 

±0,03 

±0.03 

20 

^12 

^<05 

^*46 

0.0025 

O^^TS 

0,0130 

0.0011 

+  65 

38 

[31  / 

±  0,02 

±  0.02 

±  0,02 

1 

±0,0005 

±0,0005 

±  0,0UO5 

±  0,0001 

1 

(NH.).Cu(Se04)..6H,0| 

Rb.Cu  (SO«)«  •  6H|0 


Zn:CH«50  —  2000 


Rb,Cu  (SO,  ,  •  60,0 
Zo:Cus  200— 1000 


Tl,Ca  (SO,).  •  6H,0 


00 


290 


90 


200 


20 


20 


90 


Zz 

z«i„(-«r./r.) 

Zj. 

1 

2,39 

±0.02 

2,075- 
±  0,02  ^ 

2,06. 

±0,02 

1 

+  72 

37,5 

[I! 

Zi 

Zi 

1 

i 

2,28 

±0,03 

2,24 

±0,03 

1 

i 

+  105 

(2) 

Zz 

z„i,(/r.Ar,) 

Zi 

2,45 

±0,02 

2,11 

±0,02 

2,07 

±0,02 

+  105 

40 

Ul 

Zz 

z„„(Ar.Ar.) 

Zi 

2,08 

±0,03 

2,27 

±0,03 

2,25 

±0.03 

1  ' 

+  15 

33 

(21 

Zz 

Z„ia 

! 

A„,„(W 

2,44 

±0,02 

2,12 

±0,02 

1 

0,01 16i 

±  0,0005 

0,0030 

±0,0005 

i 

1 

0,0011 

±0,0001 

~+105 

42 

±2 

(31 

<J)  b 

«> 

Zi 

1 

Ax  1 

Ay 

1 

1 

2,15 
±  0,02 

2,04 

±0,02 

2,43 

±0,02 

<0,0020 

+  0,0059 
±00004 

—  001 10 
±00002 

+  00012 
±00001 

- 1-105 

42 

±2 

(31 

d)  b 

Z/ 

z,i.(/f./r.) 

Zi 

2,40 

2,08 

2,06 

+  112 

390 

(11 

±0/)2 

±0,02 

±002 

146 


TABLE  4.1  (Continuation) 


1 


L/lMT«pl* 

12  ’VP* 

3  SanfxaHiii 


TABLE  4.1  (Continuation) 


1  ^opuyAi 

r, ‘K 

t 

A 

2AMTcpaTypa 

3  SlUtltHH, 

Cu(C,H,N).(NO,),: 

280 

2,25 
±  0,02 

2,05 

±0.02 

A 

0,0199 

±0,0007 

B 

<0,0014 

i 

123] 

Mm  —  [.  Pom6hm.,  M)  J 

lCu(C,H,N)«](NO,),.nH,0 

290 

2,056 
+:  0,004 

g% 

2,124 
±  0,015 

gt 

2,161 

±0,008 

[24] 

,  CuCl,  •  2H,0 
l«S] 

6 

290  AO  IS 

ga 

2,187 

±0,005 

g» 

2,0.37 

±0,005 

ge 

2,252 

±0,005 

1 

[9,  45,  49] 

A 

Mm  —  2,  opiopoMd.,  k)K 

KiCuCU  ■  2H,0 

1^6] 

290 

gx 

2,06 

gt 

2,38 

[11.  25,  45] 

c 

Mm  — 2,  leiparoH.,  a) 2- 

(NH«),CuCl«  •  2H,0 

1x6] 

290 

^11 

2,06 

2,22 

[11] 

a)l 

gx 

<  2,10. 

gi 

2,06 

gi 

>130 

Cu(C,H4).(CN). 

1«71 

6 

290  AO  20 

«l| 

2,165 

±0,004 

2,045 

±0,003 

A 

0,0208 
±  0X1010 

B 

0,0031 
±  0,0010 

:[15.  16] 

D 

M  — 2,  MOHOKaHH,,  m)  m 

Cu[C.H,(NH.),l.Cl,.H,0 

l«»l 

290 

gi 

2,050 

±0,004 

gt 

2,057 
±  0X110 

gt 

2,244 
±  0,010 

•  1 

[24] 

E 

X  =  1  IMH  2, 

Mm  —  2,  uoiio^uii.,  ii)  n 

1  ^opMyja 


r.-K 

r 

D 

£ 

fii 

fx 

290 

2,35 

2,06 

gmla 

290 

2,24 

2,10 

gx 

Sy 

gt 

290,90 

2,05. 

2.09, 

2,.34, 

±0,005 

±0.005 

±0.01 

90 

2,08 

2,08 

2,42 

0,345 

0,007 

±0,03 

±0,03 

±  0,03 

±0,005 

±0,003 

290 

1:2,36, 

2,11. 

2,09, 

0,344 

0,004 

±0,015 

-1-0.015 

±  0.015 

±0,007 

11 : 2,36, 

2,10. 

2,08. 

0,.341 

0X104 

±  0,015 

±  0,015 

±0,015 

±0,007 

111 :  2,36, 

2,10. 

2,10, 

0X145 

oxxn 

±  0,015 

±  0.015 

±0,015 

±0,007 

2,09 

—  2,10 

2,35 

0,38 

«ll 

«X 

290 

2,254 

2,075 

90 

±0,001 

±0,0008 

?ii 

St 

77 

2,266, 

2.055, 

2.051, 

fl 

A 

B 

0 

290 

A :  2,00 

2,28 

0,00093 

0,0090 

0,0019 

±  0,02 

±0,02 

±0,00093 

±0X1006 

±0,0005 

77 

B :  2,26 

2,07 

0,0100 

0,0043 

0,0021 

±0X12 

±0X12 

±0X1006 

±0,0005 

±o4005 

C:2,30 

2,07 

0X1112 

0X1044 

0,0021 

±0,02 

±0X12 

±0X1001 

±0X1005 

±0X)005 

2'iVfT  3 


Cu  (HCOO),  •  4H,0 

Irt) 

Cu  (HCOO), .  2H,0 
l«91 

Cu  (CH.COO), .  H,0 
1,10] 


Cu  (CH.CHiCOO), .  H,0 


CuI(CH,CO),CH], 
Cu:Pd-l  :200 

5  Cu*+  ■  AgQ 


126.  31] 
[26] 

112,  13] 

[27] 

[50] 

lU] 

[8],  132] 

137] 

151] 


D 

Mn,  =  2,  MOHOKOHH.,  0)0 

Mm  =  4,  0)0 

S  =  1 

D 

A(s4,  Af«,=2,  MOHOKJIHH., 

n)  P 

Saal,  TpH  paSAHUHblX  Mar* 
HHTHUZ  KOMnaOKCa,  F 
CM.  §  3.11 

5«1 


A  =  —  0,0160,  O'  — 

—  0,0007,  fl  —  — 0,0185 
T)  t 


a)  Orthorhombic;  B)  rhombic;  C)  tetragonal;  D)  monocllnlc;  E)  or; 
P)  S  =  1,  three  different  magnetic  complexes,  see  §3.11. 
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TABLE  4.1  (Conclusion) 


1  4>opiiy,a 

r,  -K 

e 

1 

flHTcpatypa 
-2 - 

5  Cu*+  D  MgO 

2,190 

0,0019 

1521 

3  (nopouioK) 

±  0,002 

±0,0001 

5  Cu*+  B  NaCl 

290 

a)  2,07 

[53] 

b  6)  2,06 

C  B)  2,16 

1 

5  Cu«+  B  KCl 

290 

2,180 

[53] 

±0,009 

C  UllMCTHflraHOKCHM  Cu*'*' 

e. 

gy 

S: 

2,065 

2,033 

2,136 

[54] 

5  Cu‘+  B  CdCl, 

290 

1,205 

2,19 

[55] 

±0,010 

±0,01 

90 

2,34 

2,07 

0,0120 

20 

±0,01 

±0,01 

±0,0010 

riOflC  KyfiHMCCKOfl  A 
ClIMMeTpHH 

y)U 


'1>)V 

M„r 

Paramagnetic  resonance  Is  observed  also  In  the  following  compounds  at 
room  temperature:  CuSr,  (g= 

-iWim;  C.(C,0-,|«-2,ia  laill  C.C,H,0.  .aH.O  tt-1.97)  I”!' 


=  2,07)  (17);  Ca,CO,(CN),,  (g=2.17:  r  =  290  -12°  K)(21l, 

chlorophyllates  of  copper  (T  =  270,  90°K;  g  =  2.05  +  ®  ~-i 

=  2.06)  [15,  44]j  In  silicate  glass  (g„  =  2.32  =  2.06)  [38];  persul¬ 

fate  of  dlorthophenantrollnate  of  copper  (T  =  290,  90,  20°K,  g^  =  2.05) 
[22] j  copper  derivative  of  sallcylaldlmln  (Cu:Nl  =  1:200)  [47]i  CuS 
[20];  chlorinated  and  nonchlorlnated  tetraphenylporphln  Cu^"'’  (g  =  2.18, 

Aq^  =  0.0250,  A,,^  =  0.0120)  [30]. 

A)  Field  of  cubic  symmetry;  B)  (powder);  c)  dime  thy  Iglyoxlme  Cu^'*’. 
Remarks : 

g 

a)  Measurements  were  made  at  v  »  5*10  cps. 

b)  A  second  anomalous  spectrum  appears  when  T  >  20°K;  the  £  fac¬ 
tors  of  both  spectra  differ  by  less  than  1^. 

c)  Transition  temperat\ire  from  173  to  273°K. 

d)  Transition  temperature  from  33  to  45°K. 

e)  Transition  temperature  from  12  to  50°K. 

f)  Transition  temperature  from  <7  to  35°K. 

g)  Each  Cu^’*’  Is  svirrounded  by  a  distorted  octahedron  of  4H2O  and 
20;  It  can  be  assumed  that  the  Cu^"^  Is  In  a  tetragonal  field  (the 
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rhombic  field  Is  very  small) j  the  angle  between  the  tetragonal  axes  Is 
86  +  2°;  Sj^ax  ®mln  determined  In  the  plane  of  the  tetragonal 
axes  of  the  nonequivalent  Ions. 

h)  The  ratio  of  the  constant  X'  of  the  spln-orblt  coupling  of  the 

p-L  y 

Cu  Ion  In  the  crystal  to  the  constant  X  for  the  free  Ion  Is  X'/X  = 

=  0.55. 

j)  The  sharply  anisotropic  exchange  leads  to  lifting  of  the  hyper- 
fine  structvire  In  a  direction  perpendicular  to  the  Z  axes;  the  struc¬ 
ture  Is  resolved  In  the  direction  of  the  Z  axes. 

O  L 

k)  Each  Cu  has  a  plane  surrounding  of  two  HgO  and  two  Clj  an 
elongated  octahedron  results  from  two  additional  more  remote  Cl,  be¬ 
longing  to  the  other  Ions  of  Cu.  Only  one  line  Is  observed.  The  sub¬ 
stance  Is  antiferromagnetic  below  4.3°K. 

l)  Each  Cu  Is  surrounded  by  four  Cl's,  forming  a  rhombus  in  the 
aa  plane,  and  two  molecules  of  H^O  on  a  normal  to  this  plane.  The  two 
rhombl  of  the  nonequivalent  Ions  are  turned  through  90°  relative  to 
each  other  around  the  _c  axis  —  the  HgO-H^O  line  ( the  Y  axis ) ;  thus , 
the  Cu  Is  In  a  field  of  rhombic  symmetry.  The  spectrum  was  meastired  at 
wavelengths  of  5.4  and  6.6  millimeters,  with  an  exchange  frequency 
1.1-10^°  cps. 

pi 

m)  Each  Cu  Is  sxirrounded  by  a  square  made  up  of  four  N. 

pi 

n)  The  Cu  Is  surrounded  with  four  Nj  perpendicular  to  the  N 
plane,  opposite  the  Cu,  an  0  on  one  side  (at  a  distance  2.68  A)  and  Cl 
on  the  other  (at  a  distance  2.89  A). 

pi 

o)  Each  Cu  surrounded  by  foin?  0  and  two  HgO,  forming  a  dis¬ 
torted  octahedron. 

p  I 

p)  Blmolecular  cell;  each  Cu  surrounded  by  a  distorted  octahed- 

2+ 

ron  made  up  of  four  0,  an  HgO,  and  a  neighboring  Cu  ;  distance  between 
two  neighboring  Cu^"^  Is  2.6  A.  D  =  0.345  +  0.005,  E  =  0.007  +  0.003, 
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=  0.008,  A^,  Ay  <  0.0010.  See  §3.11. 

r)  It  Is  seen  from  the  paramagnetic  resonance  spectrum  that  the 

2+ 

cell  contains  six  magnetic  conplexes,  each  with  two  Cu  j  three  com¬ 
plexes  are  derived  from  the  remaining  three  by  reflection  In  the  ac 
plane.  Each  complex  Is  approximately  tetragonal. 

s)  Each  Cu^'*’  Is  surroiinded  by  four  0  In  a  single  plane.  The  hy- 
perflne  structtire  Is  described  by  the  relation 

Aff*  —  coi*  •  +  lin* »  4-  sin  » cot », 

C  =  +0.0062  cm"^  at  T  =  77°K  and  C  =  +0.0043  cm"^  at  T  =  290°K. 

t)  Type  Aj  axial  distortion  of  the  crystalline  field  due  to  Inter- 

2+ 

action  between  Cu  and  vacancy  of  the  positive  lattice  site  In  the 
(110)  direction]  type  B:  the  same,  but  the  vacancy  Is  In  the  (lOO)  di¬ 
rection;  type  C:  axial  distortion  of  the  cubic-symmetry  field  Is  due 
to  the  Jahn-Teller  effect  and  Is  directed  along  (100).  The  effect  Is 
observed  only  In  halogenated  crystals. 

u)  Spectra  a)  and  b)  obtained  In  crystals  grown  from  a  melt, 
while  spectrum  c)  Is  obtained  from  the  aqueous  solution. 

v)  There  are  trigonal  distortions  of  the  cubic  field. 

1)  Formula;  2)  llteratiorej  3)  remarks;  4)  cr.  st. ;  5)  In;  6)  to. 


-  151  - 


TABLE  4.2 


1  •opayM 

r.*K 

1  *11 

*1 

Qbntptrypp 

38«~  • 

1,  CiTl(SO«),.  I2H,0 

^  (up.  er,  1) 

KTUCjO.). .  2H,0 

oo->ao 

1.25 

±0.02 

1,8« 

l.M 

±0.02 

1.M 

[1] 

(2] 

A<«-2 

TII(CH,CO),CH], 

200 

2.00 

1,08 

[3] 

Af.  M  2.  EAHXiftuiee  oppyxeune 

lull 

A  /■aMMaK) 

.  CtTl(SO«),.  I2H,0 

A  (MpWMIl) 

Z88 

AS3 

1.58 

1.85 

(4] 

W*-— OKI19JIP  H3  60;  jioKaabMoe 
noae  aKCHaibuoft  cmumctphm 

B 

f^axTop  aaaxcHT  or  reiinepa- 
rypu,  napaxa  axHra  oxexb  uaMxa 
a  oi^exeaaeTca  speMMtM  cnax^p*- 
merowoi  pMaxcaoia 

V*+ 


1  #opi>yji 

r.‘K 

f 

2jlmptTfp» 

3  3t>««uu 

K.V,0.<C.0J.-4H«0 

280,00 

1&4 

iHit 

i$tf 

m 

C  B  nopoiuxe,  paaOaueHHOM 
coxbB  Ti*'*'.  xatfaMcxa  caepx* 
Toxxaa  cipniypa,  oOaMxxaa 

•*v(/-|);  •M»0/)10  + 

+  OfiO! 

^  voa. 

290 

2.00 

[2] 

VO,(C.H.).N.(CH), 

200 

2.02 

12] 

VOSO4  •  2H,p 

.  voso« .  ^ 

290 

1,96 

■■ 

[5] 

800 

I.99O1 

14] 

A  (niam 

70 

0,002 

1.998, 

±0,002 

4 

1,004 

±0,004 

Ma*^ 


1  ^opayji 

r.K 

r 

2  AntpbTypa 

3  Ummm. 

MaO, 

200 

too 

1 

[I] 

1  *apay« 

r.  -K 

*11 

D 

i  * 

2 

JlawHtypa 

3  SaamoBH 

5  VM-  a  AUO, 

4,2 

2 

00 

1.02 

±m 

0.+  IO 

(M)I08 

±aooo2 

800  4pcai 

[1] 

12] 

D 

HaOoDMa  mpum  AMmt7 

% 

A)  (Powder);  b)  =  2.  Nearest  surrounding  of  Is  an  octahedron 

of  60;  local  field  of  axial  symmetry.  The  g  factor  depends  on  the  tem¬ 
perature,  the  line  width  is  very  large  anci  is  detexmined  by  the  spin- 
lattice  relaxation  time.  C)  A  t^rperflne  structure,  due  to  33>v  (I  »  7/2) 

is  observed  in  powder  diluted  with  a  Ti^'*'  salt;  O)  The  transition  AM  «  2 
is  observed. 
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TABLE  4.2  (Contlnviatlon) 


1  ♦•P-TM 

r— '  ■ ' ' 

r.n 

i 

f 

t 

*  1 

%aTe* 

mypt 

3  Suwwnn 

1,  K.Co(S04),-<H«0 

*+  (19.  CT.  1) 

gi 

g» 

'^mla 

A$ 

<,«i+163P,  e-SB* 

Co  :Zn  a  1:500—10-* 

20 

240 

3,35 

0,0286 

04065 

0,0080 

[1] 

2^  (NH4),Co^(SO«^.6H,0 

^0.13 

£1 

±0,05  : 

t0,07 

±04006 

±0,0003 

±0,0004 

^ailn 

Co:  Zn«- 1:500—10-* 

20 

^45 

846 

\06 

0,0245 

0,0020 

0,0020 

(11 

^•+130*,  a:»34* 

),  (NH4j.Co(S04),.6D,0 

:tO.I3 

±046  ; 

1:046 

±0,0005 

±04001 

±0,0001 

*r  (*p.  tT.  ^ 

Co*»:Co**:Zn-»I:50  :  10000 

20 

C4I 

*»A 

04251 

**i4 

04144 

(21 

1,  Rb.Co(S04),  .6H.0 

“  («p.  CT.  3) 

gt 

±04016 

gmtM 

g» 

^mln 

4,—+i5r.  e—sr 

Co:Za 

20 

.6;65 

2.7 

84 

0,0293 

0,0040 

(31 

±0,0003 

±0,0005 

gL 

A 

A 

Co:Mg«i|0-* 

20 

I:  Z29 

2,338 

0.0283 

0,0001 

w 

Am  pUJill<IHUX  MIT* 

±0.01 

±0,004 

±0,0001 

HRTHUX  KOWUMKCa 

gl 

A 

B 

II:  4,108 

4485 

0,0085 

0.0103 

:i:  0,003 

±0403 

±0,0001 

±0,0001 

„  (Ce + Bi),Co»(NO»)w .  24H/) 

A 

B 

A 

Co:ME-il:m0 

4 

1:4,145 

4,415 

0,0095 

0,0103 

(61 

Ah  RlHMWia  MIF* 

Ce-0*£  Bl— 100*/« 

±0,002 

±0402 

±0,0003 

±0,0003 

HaTHkix  BOMuetea 

C-IO*/, 

. 

4,12 

4.45 

0,0082 

0,0114 

±041 

±041 

±04009 

±04009 

g^.  ! 

■ 

1 

1 

Ce  — 20*/* 

4,22 

4,22 

0,0000 

0,0090 

±0,01 

±0,01 

±04009 

±0,0009 

Ce-50*/. 

4,30 

441 

0.00697 

04107 

±0,01 

±0.01 

±04000 

±0,0009 

Ce  — 80*/, 

4.02 

4,45 

±0,01 

±0.01 

Ce— 100*/« 

4,14 

±041 

11:7,20 

249 

04802 

l^snoooi 

Ce-0*/.,  Bi-lOO*/, 

±0,01 

±042 

±04006 

Ce-10*/. 

247 

±041 

Ce-aol*/, 

7,41 

2,36 

±0,01 

Ce-50*/, 

1046 

2,36 
±  0,01 

Ce  — 80*/, 

7,33 

A 

Ah  punma  Mar* 

Ce— 100*/, 

La<Co,(NO.)i.  •  24H,0 

4 

7.3 

1:4,050 

4,430 

.  0,00801 

r  041033 

1 

(61 

±0402 

±0402 

±040031 

i±o,ooo3c 

» 

inraua  BoatiiaeBca 

11: 723 

24>0 

o,(xnn 

1  <0,0001 

• 

j,  CoSlF,  •  6H,0 

4  (up.  tT,  4) 

Co:Zn«l:d00— lir* 

±0,01 

±0,002 

±0,00061 

) 

20 

3,44 

04184 

0,0047 

.±04002 

[11 

a)  a 

±0,12 

±0.07 

±04004 

6^6 

2,62 

0423 

04009] 

±0,1 

±0/» 

• 

0425 

0,0013 

6)  X> 

±0,2 

1±046 

_ 1 

A)  Tiro  different  magnetic  ccmplexes. 
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TABUS  4.2  (Continuation) 


1  •opajm 

r.*K 

e 

A 

SniiT*. 

parjrpB 

3siB*wnB 

■11 

■Hi 

6)  b 

,,  C0SO4  •  7H,0 

4  iKp.  CT.  6) 

at  0,05 

20 

ih 

0,0028 

At 

0,0254 

[1] 

B)  C 

_  Co:Zn=10-* 

5  Co*+  ■  ZnF, 

1 

1 ' 

It  0,05 

±0.07 

±  0,014 

±0,0001 

±0,0005 

1 

• 

1 

20 

a 

—^S>43 

o3fel7 

At 

0,0067 

[«I 

A(«ai2.  r)d 

±o!oi 

±0,1 

±0,0002 

5  Co«+  B  NaF;  8  •  10" 

Aammoi  g  OM  cm*  KpgcTgjjt: 

20 

* 

o'^ 

At 

OfiOSO 

17] 

a)  e 

nocjie  oagpgcBai 

5  Co**  iMeO 

20 

A 

18] 

Co:Mg«*10-*  — 2- 10-* 

4 

4,2785 

0,00977, 

at  0,0001 

±  0,00002 

B 

0,00974 

5  Co*+  B  A1,0. 

1.6 

2,316 

A 

0,00334 

i 

1 

[13] 

at  0,005 

±om 

±0,00005 

±  0,00013 

4.2 

2,27 

4,95 

0/)170 

'  e)  f 

5  Co*+iCaF, 

20 

~  6,6 

3,40 

(14] 

_  Co:C«pk10-* 

±0.05 

±0,0004 

[17] 

»)  g 

5  Co'+B&lCl, 

20 

3,06 

4,98 

0,0035 

0,0170 

±0,02 

±0,02 

Paramagnetic  resonance  observed  also  In:  Co(CgH^)2|(CN)g  (T  =  270-20°K, 

two  complexes  I:  g  =  2.9,  II:  g  =  2.4-1.98)  [9];  (T  =  290‘^K,  g  =  1.98; 
T  =  20°K,  g  =  2.90)  [10];  K2Co(S02j)2* SDgO  (T  =  20OK,  Co:Zn,  sample  con. 

talned  4  mC  Co^^,  =  0.829  +  0.002;  sample  contained  4  mC  Co^®, 

^58/^59  ^  0.8734  +  0.0024  [11,  12,  16]. 

A)  Centers  In  0,05  ooP  of  the  crystal;  after  Irradiation. 

Remarks: 

a)  Principal  line,  corresponds  to  the  _c  axis  of  the  crystal. 

b)  Much  weaker  lines  (lattice  Imperfections). 

c)  For  one  complex,  the  Z  axis  lies  In  the  plane  (110)  with  /ZOc  = 
*  13°,  the  X  axis  In  (110)  with  /XOc  =  103 the  Y  axis  is  parallel  to 
(110)  plane.  The  axes  of  the  second  complex  are  obtained  by  mirror  re¬ 
flection.  For  an  xindllute  salt,  £  Is  anisotropic  In  the  ab  plane  and 

ranges  from  1. 4  to  5. 8.  . 

d)  ^perflne  structure  due  to  the  F  nuclei  Is  observed:  « 

«  (32  +  l).10"^  cm"^,  aJJ  =  (21  +  5)*  10"'^  cm"^. 

mm  2  mm 

e)  There  are  six  types  of  magnetic  Ions  with  similar  spectra.  A 
well  resolved  structure  due  to  the  Interaction  not  only  with  Co  nuclei 
but  also  with  F  nuclei.  Is  observed.  After  Irradiation,  this  spectrtmi 


vanishes  and  two  isotropic  lines  appear,  one  of  vftilch  Is  without  a  re¬ 
solved  structure  and  possibly  belongs  to  Co^'*’  In  a  weakly  distorted 
cubic  surrounding,  while  the  other  belongs  to  Co'*’  (see  page  193).  All 
the  Irradiated  centers  vanish  after  heating  to  150°C. 

f)  Hyperflne  struct\ire  is  observed,  due  to  the  Interaction  with 
the  P“  nuclei,  Aj,  »  0.0030  cm“^. 

g)  There  are  trigonal  distortions  of  the  cubic  field. 


TABLE  4.2  (Conclusion) 


Fe»+ 


npoxofnecHHe  i  *6  m.  4J2 


1  ^opityj* 

r.'K 

A 

SjlntptTft* 

3  3iiie<um 

FeF, 

Fe:Zo‘a\:a000 

00 

ao 

8.97 

±0/)5 

8.07 

0.224 

^0,010 

0.203 

1 

(U 

[1.2] 

iM  =  2.  Al„  =  l.  KiiiauO  Fe  OKpy- 
BCeH  HCKaBCeHHlIII  OKTBBAPOM  *3 
mecTH  F  . 

A 

HaOjinxcHB  caepxtoHKaa  crpyKTypa, 
oOaaaHHaa  ajipaM  F  (KOHcraHiu  onpe> 
xeacHy  npM  rBil2*K): 

AI  •  (0,08  ^  0fi2)  •  10-*  D 

5 

Fe'+  »  ZnS 

2,26 

13] 

/»“  » (6,80  ±  0,43) .  10-*  MT*  6 

5 

F«*+  ■  MgO 

8,428;  6,0 

13] 

5 

Fe*+  B  CdCl, 

20 

le] 

B  JlHHHB  aCHUMeTpHMHa 

Paramagnetic  resonance  observed  also  for  T  =  20°K  In  KgPe(S0^)2»6Hg0, 
( NH^^) 2^6(302^) 2* eHgO,  PeSlPg-eHgO  [4];  (C2H4N2)4Pe  (T  =  290,  20®K,  g  = 
=  3.8;  2.0)  [5]. 


A)  M  =  2,  =  1,  each  Pe  surrounded  by  a  distorted  octahedron  of  P. 

A  hyperflne  structtire  Is  observed,  due  to  the  P  nuclei  (the  con¬ 
stants  were  determined  at  T  =  12®K); 

B)  Asymmetrical  line. 


1)  Ponnulaj  2)  literature;  3)  remarks;  4)  cr.  st,;  5)  In;  6)  cm“^. 
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TABIfi  4.3 


1  *opayu 

B 

'll  1 

■1 

ra 

AltT«p*> 

2  w* 

3  SlIltWUM 

u  Mg,Ce,(NO,)„.  24H,0 

H  ^  (up.  CT.  3) 

Ce ;  U  -1 1 : 20 

4,2 

0,25 

1,84 

[1] 

±0,05 

±0,02 

“‘Ce :  Li «  I0-» 

4,2 

1.84 

(2) 

/4“i=  0,002 

0,0126  ±  0,0001 

.  Ce  (C,H,S04),  •  8H,0 

^  («P.  CT.  «) 

2,5 

1,0 

2.^ 

3,80 

<0,4 

[3] 

A  Jly6.W.  b 

±0.2 

±0^ 

±0,04 

BAyOier  b  ns  (3±  I)  cjT' 
•uue  jiyOACTi  a 

Ce:La-«l:200 

4,2 

0,855 

2.185 

3,72 

0,20 

13,  4] 

±0,005 

±0.01  i 

±0,01 

±0,005 

^il 

Sx 

C 

5  Ce*+  ■  CiF, 

20 

3,030 

1,396 

[51 

Ala  =  3,  KpHCTaAAHqeCKHe 

Ce;C**«.I0-‘ 

dUO,003 

1 

±0,002 

OCH  HMKMBMeHTMUZ  HOHOB 
Hanptueiiu  bxmb  P^P 
KjrOa 

5  Ce*+  •  UCU 

4 

4,0366 

0,17 

[61 

Ce:U«i2: 100 

±0,0015 

±0,08 

Jlurepa* 

gtypa 

1  «opifyji 

T.  r 

■I 

iBl 

1^1 

a 

3  Biwwtiiwi 

1 

^  Mg,N<l,lNO,)„  ■  24H,0 
Nd:L-10-* 

* 

1 

0,0052 

0,0312 

di 

4^2 

0,45 

2,72 

143 

±o/» 

±0,02 

±0,0005 

•±0,0001 

145 

0,0032 

0,0194 

±0,0003 

±0,0001 

Nd :  Lb  =  lO"* 

4,2 

%n 

147 

<«0,004 

0,0237 

±0,0001 

[71 

Taj- 1.««3 

Nd  (C.H,SO«),  •  9H.0 

20 

3,535 

2,072 

143 

0,03803 

0,01989 

[31 

4  (up.  <T.  S) 

±0,001 

±0/X>l 

±0,00001 

0,02364 

±0,00005 

3:  0,0012 

Nd :  La  =  1 : 200 

145 

0,01237 

±0,00001 

±0,00005 

T\ 

Nd(NO«),-6HjO 

Nd:U«I:»0 

20-13 

f88 

&4 

143 

0,0^ 

0,^ 

m 

U 

Am  OdOHX  HBOTOnoB 

±0,01 

±0,01 

±0,0002 

±0,0010 

0,0(93 

±0,01 

±0,0002 

ojSlu 

|p,-i».ko3oo? 

145 

0,0!f70 

±(M)002 

±0y00l0 

oj^o 

±aooo8 

'll 

'1 

5  Nd*+  •  CaP, 

20 

4,412 

1,301 

[51 

■) 

_  Nd:Ca  — 10-* 

±0,008 

±0,002 

5  Nd»*  ai  SrF, 

20 

4,289 

1 

[51 

a) 

Nd:Sr>l(r> 

±0,006 

±0,002 

1 

A)  Doublet  b  is  the  lower  one;  B)  doublet  b  Is  (3+1)  cm“^  higher  than 
doublet  a;  TJ)  »  3,  crystalline  axis  of  nonequivalent  Iona  directed 

along  the  edges  of  a  cube;  D)  for  both  Isotopes. 
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TABIE  4.3  (Continuation) 


1  ^opiiyja 

r.  'K 

'll 

'1 

MwToa 

la 

A 

B 

Avrap*. 

jjyp* 

3  StMMiimi 

)  Nd*+  ■  ua, 

N(l:Li-2:10» 

4 

8,006 

±0,001 

1.763 

±0,001 

143 

145 

0,0425 

±0,0002 

0,0264 

±0,0002 

0,0167 

±0,0001 

0,0104 

±0,0001 

I«] 

**‘P<1  •  10*^ 

“•P<  1  •  io-« 

Paramagnetic  resonance  observed  also  in  Nd2(S02^)2  (T  =  90°K)  [3]i 

Nd2(S02j)2-8H20  (T  =  90°K)  [3];  Nd202  (T  =  290°K,  g  =  3-2)  [4]. 

Remarks,  a)  =  3*  There  Is  an  axial  electric  field  near  each 

Ion;  the  crystalline  axes  of  the  nonequivalent  Ions  are  the  axes  of  a 
cube. 


1  0opMyj4 

r.  •K 

'll 

'i 

MtOTon 

A 

B 

AiiTepa. 

3  SaaemM 

la 

• 

Mg,Sm,^NO,).,  •  24H,0 

•  (up.  CT.  3) 

i2 

0,76 

±0,01 

0,40 

±0.05 

147 

0,0346 

±0,0005 

<0,010 

[1] 

140 

0,0287 

<0,010 

• 

±0,0005 

Sm(C.H,SO«),  •  OH,0 

4^ 

0,506 

0,604 

147 

0,0060 

0,0251 

[21 

P<  0,0004 

1  (up.  CT.  t) 

±0,002 

±0.002 

±0,0001 

±0,0001 

1.222 

Sm :  U  —  10-' 

140 

0.0049 

0,0205 

■«-0,0001 

±0,0001 

)  Sm*+  ■  LiCU 

Sm :  Lt  ■■  1 7«> 

4 

0,5841 

0,6127 

147 

0,00607 

0,0245 

W 

XOfiM 

±0,0003 

±0,0006 

±0,00002 

±0,0001 

140 

0,00400 

0,0202 

±0,00002 

±0,0001 

' 

I 


Paramagnetic  resonance  observed  also  In  Sm  In  SrS  (T  =  77-20®K)  and  In 
Sm  In  SrS’SrSe  [3]. 


Dy^'*’ 


1  ^cpayji 

r.  n 

€ 

Haoroo 

la 

*x  \ 

Ampa- 

33aiia<iaau 

D7(CH,C00),.4H.0 

4»2 

13^ 

161 

0,0381 

[1] 

Dy;Y-l:150 

±0,06 

±0,0005 

IjjlSl 

163 

0,0540 

±0,0005 

B 

0,02463 

•) 

DyJltg.(NO.)u.24H.O 

161 

A 

0,01161 

m 

‘•‘P—  0,00142 

D]r:L«B2.  KT* 

±0.00010 

±0,006 

±0,160 

±0,00007 

±0,00015 

‘••P—0.00168 

±  0,00010 

163 

0,01622 

0,03415 

1 

1 

±0,00007 

±0,00015 

Remark,  a)  =  1,  trlcllnlc  crystal.  All  principal  values  of  the  ^ 

factor  are  different;  the  direction  of  the  magnetic  field  corresponds 
to  the  maximum  value  of  the  £  factor. 
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TABLE  4.3  (Continuation) 


Er^'*’ 


1  •opa]r« 

r. 'K 

'11 

A 

B- 

Jlanpt. 

2 

3  Sutuui 

Er  (C,H,SO«),  •  flH.O 
Er:U»  1:200 

5  EfM-  i  CiF, 

4 

20,  14 

1.47 

±0,03 

In 

±0,01 

8,85 

±a2 

0,0052 

±0,0001 

0,0314 

±(U)001 

n] 

12] 

P«0^±0,0003 

•) 

EriMg>(NO,)„  .  24H,0 

5  Ef*+  s  L»Cl, 

Er:La=6-10-* 

7.76 
±0,02 

6.76 
±0,02 

4,21 

±0,01 

1,989 

±0,001 

6,^ 

±0,006 

9,11 

±0.01 

7,990 

±0,010 

8,757 

±0,002 

0,0261 

±0,0003 

0,0142 

±0,0001 

0,00664 

±0,00003 

0,0219 

±0,0003 

0,0274 

±0,0001 

13J 

[4] 

6)  b 

■)  c 

Pa«  0,0013 

0,00086 

Remarks : 

a.)  Isotropic  line. 

Line  from  groiind-state  doublet. 
Line  from  excited  doublet. 


Yb^’*’ 


1  <»apHyai 

r,  •K 

tx 

La  HMTon 

2  JIiiTtpiTypa 

SsaiiriaiiHi 

Yb(CH,COO), 

4,2 

4,57 

171 

0,122 

[I] 

») 

Yb:Y-10-* 

±0,02 

±0,001 

173  ■ 

0.a341 

±a0003 

1 

Remark,  a)  =  1,  triclinic  crystal;  all  principal  bodies  of  the  5 

factor  different;  direction  of  magnetic  field  corresponds  to  maximum 
value  of  £  factor. 

1)  Formula;  la)  isotope;  2)  literature;  3)  remarks;  4)  cr.  st.;  5)  in. 
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TABLE  4.4 


Pr^'*’ 


1  ^opiiyji 

r.  -K 

'II 

•i. 

A 

A 

flllTtp*. 

2  3«iinaain 

Mg.Pr,(N0,)„.24H,0 

4.2 

1 

1,S5 

0,077 

[1] 

!•  (Kp.  CT.  3) 

±0,02 

±0,002 

Pr:La  =  I0-* 

Pr  (C,H,S04),  .  9H,0 

20 

1,69 

<0,03 

^0,19 

0,083 

(2;  5] 

T  (up.  CT.  9) 

±0.01 

±0,001 

Pr :  La  -*  1 : 200 

1.^21 

0.11 

0,07l5 

11  7.  3] 

6 

V!  =  50  ejir*.  lOOejr*, 

Pr  :Y 

±0,02 

±0.04 

±0,0020 

V^  =  — 48  CJT^,  VJ  =  660  CM~* 

• 

A 

PrCl, .  7H,0 

4 

3.02 

2,23 

[3] 

ipHIcaHHHUft  KpHCiaU 

PrQ, 

4.2 

1.791 

3,975 

[4] 

B  Ha&iBjuaacb  1  JiaMHa 

Pr:La  =  0,ll 

PrCl, 

'  4 

1,035 

0,10 

0,0502 

[81 

Pr:La«»l:50 

±0,005 

±0,15 

±0,0003 

5  Pr*+  ■  LaAlO, 

i2 

2,67 

0,119 

[0]  > 

Pr:LaaBjO~* 

±0,02 

±0,003 

\ 

C  Kpacrau  nna  nepoacKHTt 

A)  =  2,  trlcllnlc  crystal;  B)  one  line  observed;  C)  crystal  of  per- 
ovsklte  type. 


Tb3+ 


♦opuyM 

r.*K 

'll 

'1 

A 

A 

aiarcpa. 

2  w 

2  Saiintiwi 

Tb(C,H.S04),  •  9H,0 

(up.  CT.  9> 

Tb :  Y  =  I0-* 

20 

17,72 

±0,02 

<04 

Kt 

0487 

±0401 

0,209 

±0,002 

^4* 

[L  4J 

V|«=(220  ±30)  ear', 
v;-37ear* 

Tb(NO,),-6H,0 

Tb:La  — 10-* 

13 

184 

a:0.4 

0410 

±0,007 

0,212 

±0,005 

[2] 

A 

Tb*+  •  CaF, 
Tb:Ca-10-« 

20-10 

17,8 

±0,1 

0,173 

±0401 

0,209 

±0,001 

I5J 

HaOatoxaaaca  CTCor  P'’,  iHcao 
aoMiKNieHT  acTROt,  paccToama 
wauB!  MfauBca  5  tfem 

Tb*^  a  UCU 

Tb:U-5- 10-*  — 2- 10-* 

4 

1178 

±0,01 

«W 

04010 

04120 

±04030 

I8J 

Paramagnetic  resonance  observed  also  In  Tb^'*'  In  SrS  (T  =  290°K)  [3]. 

a)  Hyperflne  stanictvire  due  to  P'*’  observed,  nvunber  of  components  even, 
distances  between  components  on  the  order  of  5  oersted. 
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TABLE  4.4  (Continued) 


*«payj. 

r.  Tc 

It 

A 

A 

B 

P 

illTtp,. 

typ. 

••ItMNM 

18 

15,410 

±0,010 

0,065 

±0.015 

0A840 

±00010 

00200 

±00040 

00003 

±00003 

fU 

1 

^05 

±0,005 

0083 

(21 

D^(-SAJ:0a)  lAT* 

•) 

HoM-  B  LaCl, 
Ho:U«5*  l<r* 

ik 

IaHiO 

±A018 

1 

HJti 

1 

!  00510 
±00070 

i 

13] 

Remark,  a)  A  detailed  Investigation  has  shown  that  the  test  ejqplanatlon 
of  the  experimental  data  can  be  obtained  by  ascribing  S  =  1  to  the 
ground  level. 

l)  Formula;  2)  llteratvu?e;  3)  remarks;  4)  cr.  st.;  5)  In;  6)  cm“^. 


TABLE  4.5 


Mn 


2+ 


1 


T,  ‘K 


Amp*. 

2 


3  Stanaaat 


2^  <NHJ,Mn(S0|^.6H,0 

Ma:Mg«l:2S0 

Mn:Zn 


Mn:Za«10-* 


j,  MB.Bi,(N0.)i.-24H,0 
H  (ip.  cf .  e 

Mn:Mgi-l:200 


h  MnSiF,  •  6H,0 

4  (up.  CT.  4) 

Wa:Mg-l;20— 1:1801 
Mn:  Zn 

Mn:Z«alO-* 


290 

290 

290 

230 

195 

90 

20 

90 

20 

90 

20 


290 

290 

290 


2;ooo 

±0,005 


1:1,99 

±0,02 

1,997 

±0fl03 

11:1,99 

±0,02 

1,997 


2UOOO 

dUO/BOS 


0,0231 

±0,0002 

0.022, 

0,0238 

+0.0243 
±0,0005 
+0,0258 
±0/X)05 
+0,0275 
±0,0005 
+0^277 
±0,0005 
-0,0211 
±0,0001 
— 0fl215 
±0,0001 
-0,0064 
±0,0001 
-0,0080 
±0,0001 


-0/)274 

0,0171 

-oyorn 

±oyoooi 


0,006 

0.004i 

0,007, 

0,010 

±0.002 

0,008 

±0,001, 

0007 

±0001 

0006 

±0001 

0 

0 

0 

0 


00080 

0 


0,0003 


0,0005 

+0,0005 

±0,0001 

+0,0007 

±0,0001 

+0,0007 

±0,0001 

+0,0008 

±0,0002 

+0,0008 

±0,0001 

+0,0008 

±0,0001 

+0,0010 

±0,0001 

+0,0010 

±0,0001 


+0,0007 

0,0007, 

+0,0007 

±0y000l 


0,0090 

±0,0002 

0,0095 

0,0091 

—0,0091, 

±0,0001 

—0,0089, 

±0,0001 

—0,0089, 

±0,0001 

-0,0093 

-0,0090 

—0,0090 

-0,0080 

— OOOOO 


-00002 


[1] 

III 

w 


(A| 


w 


^.■.+60*,  «-.30* 
.l,-+66’,  a -.300* 

♦  -+6r,  «  — 32* 


PAm  pauHiina 
Manomnix  noiw* 
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TABLE  4.5  (Continuation) 


1 

r,  •* 

t 

0 

B 

A 

Ampa* 

gim 

3  aa-r^aa. 

l(» 

- 

-0,0161 

0 

+0/1010 

-00002 

±0,0003 

±0,0002 

00 

2,000 

-0,0141 

0 

+0/1011 

-00092 

1,  MnSO,  •  7H,0 

(icp.  tT.  6) 

20 

±0,001 

±0/1003 

-0/1134 

±0/1003 

0 

±0/1002 

+0/1000 

±0/1002 

-00001 

a)  a 

200 

2,000 

±0,005 

O/MO. 

^-0 

00088 

I3J 

Mn:Me 

MnCO, 

Mn:ci=^/:2000 

200 

2,002 

0,0075 

a  0 

000678 

17] 

^.0,0058,  a)  C 

Mn*+  i.  ZnS 

290 

2,001Q 

-0,0105 

-0,0065 

[3.3] 

M«  =  2, 

6 

±0,0001 

/'-.-0,00076k  „ 

rcKcaroR.  9 

Mn'+  8  ZnS 

290,90, 

2,0025 

0 

-0000781 

—0,006.37 

[34,  35, 

Ky6HM.  i  1( 

6 

4 

±0,0002 

±0000006 

+0,00001 

38,  53] 

Mn*+  B  ZnFi 

290 

2,002 

—0,0186 

—0,0041 

—0,0096 

[21] 

Mn:Zn  =  5-  IQ-* 

±0,005 

±0,0008 

±0/X108 

±0,0003 

Mn  (HCOO),  •  2H,0 

290 

1,999 

0/1485 

0/11  r 

0,0009, 

0,0091 

[10] 

r)  d 

Mn:Zn 

±0,001. 

±0/1005 

±0,0001 

Mn(CH,COO),  •  3H,0 
Mn:  Zn 

290 

0/1235 

0,002. 

00084 

(3.  11] 

Ji)e 

Mn(CH,COO),  .4H,0 

290 

2,00 

0/1412 

O/XM.. 

00008 

0,0087 

[1] 

e)f 

^  Mn:Zn=  1:100 

±0,01 

6  Mn*+  8  NaQ 

290 

2,0011 

000620 

[52] 

Mn‘+:  Na+‘=:10-*— 4-I0-* 

±0/1005 

±000005 

(npH  uejueHHOH  oxaaiK- 

290 

2,004 

[40] 

«)g 

xeHHH  H3  pacnaaaa) 

(h3  pacnaasa  npM  Ouct- 

290 

2,015 

poM  oxaaatMHMH) 

<H3  aoAHoro  paciaopa) 

290 

2,020 

±0,^ 

»)h 

(H3  aoAHoro  pacTBOpai 

290 

2,018 

0,01285 

0/10470 

n)  0 

(u  aoAHorp  pacTBopa) 

200 

2,0012 

-0,00827 

[47] 

1  0,0008 

±0/10010 

±0/10004 

±0,00008 

s)  h 

Mn*+  0,001-0.02*/, 

290 

2,010 

[28,29] 

no  aecy 

±0,005 

000807 

H)  1 

r 

2,0022 

D 

±0,0008 

±000002 

U 

Mn«+  8  KCl 

290 

2,0041 

0/10886 

ISl 

Mn*+  10-*  — 10-* 

290,80 

2,002 

128] 

(h3  pacnaasa) 

0,00887  . 

■)  1 

Mn*+  B  KCl,  KBr,  KI 

290 

2,0047 

(h3  pacTBopa) 

Mn’+  8  KBr 

80 

2,0043 

0,00886 

52 

(29] 

Mn‘+  0,001— 0, 02*/, 

±0,0005 

±0,00002 

no  secy 

Mn*+  B  liaF 

90 

1 ;  1,996 

1:0,0089 

1 : 0,0091 

[20] 

*)  J 

4  .  10*  Mn«+ 

1-0,006 

±0/1005 

±0,0004 

8  0,05  cjK*.  KpHcraaaa 

11 : 2,00 

11:0/U2S 

11 : 0,0092 

6 

-10,01 

±0/1008 

±0,0004 

Mn*+  8  MgO  12 
0,001— 0,I»/«Mn*+ no  ttey 
Mn*+  8  CaF, 

290 

2,0015 

+000186 

—0,00812 

[22;  23,29] 

70,  4 
290 

±0,0001 

•±000003 

±0/10005 

2,0013 

0/10954 

[23] 

Mn** 

±0/)01 

±0/10001 

qo  aecy 

4 

2,0012 

0,00945 

±0,001 

• 

±0/10001 

(231 

Mn:Ca  — 10-* 

90 

1,998 

+0,00006 

-0,00978 

(46] 

H)m 

(H3  pacnaaaO 

Mn"  8  ZnO 

±0,003 

±0,00004 

±0/10010 

77 

2,0016 

-0/12169 

— O,n0020 

-0/10760 

[49] 

9  rcKcaroR. 

Mn:Zn-»10-* 

Mn*^  a  CdS 

300 

±0/1006 

2/1029 

±0,00022 

-|-A^innf7 

±000005 

-000014 

±0/10004 
— OAom 

9  rM6aroM„o)n 

[49] 

±0^0000 

Ma:Cd-10-* 

±0/I000 

±OyOOOM 

8 

12 

13 

15 
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In  addition,  the  absorption  lines  of  Mn  were  Investigated  In 
paramagnetic  Tutton's  salts  R(NH2^)2(S02|)2*6H20  (R  =  Nl^"^,  ,  Pe^, 

and  also  In  CuS02^‘5H20  [44]).  The  Intermetalllc  compound  MnAu2 
was  Investigated  (polycrystal);  when  T  >  90°C  we  have  g  »  2.0;  below 
90°C,  MnAu2  Is  an  antlferromagnet  [43].  Finally,  the  paramagnetic 
resonance  was  measured  for  Mn  In  amorphous  phthalooyanlne  (g  =  2.0) 
[41]. 

Remarks : 

a)  The  direction  cosines  of  the  Z  axis  are  (0.282,  +0.952,  0.122). 

b)  The  Zn  Is  sxirrounded  In  ZnP2  by  a  distorted  octahedron  made  up 
of  six  F  Ions,  four  of  which  (type  I)  form  a  rectangle  with  sides  2.59 
and  3*13  A,  and  the  two  other  P  Ions  (type  II)  lie  on  a  perpendicular 
to  the  plane  of  the  rectangle  at  a  distance  2.04  A.  The  Z  axis  Is 
chosen  along  the  long  side  of  the  rectangle  (c  axis),  the  X  axis  passes 
throvigh  the  type  II  F  Ions  and  Is  parallel  to  the  short  side  of  the 
rectangle.  The  following  hyperflne  structxa'e  due  to  the  F  nuclei  was 
observed: 

aJ  =  (16.5  +  0.7)*10"‘‘^  cm"^,  A^^  =  (14.6  +  1.2)*  10"^  cm‘^, 

aJ  =  (18.2  +  0.2)  •10“'^  cm"^,  A?^  =  (12.5  +  0.2)  *10"^  cm"^. 

c)  CaCO^  —  calclte,  M  =  2.  The  nearest  neighbors  of  the  Ca  are 
six  0  with  trigonal  symmetry.  The  magnetic  complexes  with  Mn  are  equi¬ 
valent.  The  structure  of  the  crystal  Is  hexagonal. 

d)  \  =  2,  =  +97°,  a  =  62°,  monocllnlc  structure. 

e)  1^=1,  Z  =  c,  X  =  b,  monocllnlc  structure. 

f )  M^  =  2,  ^  =  +47°,  a  =  29°. 

g)  If  a  saitQjle  obtained  from  the  melt  Is  heated  and  soaked  for  a 
certain  time  at  a  ten^erature  T,  and  then  cooled  rapidly  to  room  tem¬ 
perature,  then;  1)  If  T  <  300°C,  the  resQi3ant  c\irves  do  not  change;  2) 
If  T  >  500°C,  then  cvirve  I  goes  over  Into  II.  A  superposition  of  curves 
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I  and  II  1b  observed  at  Intermediate  temperatures.  There  are  probably 

2-1- 

two  different  states  of  Mn  In  NaCl,  one  of  which  Is  stable  above 
500°C,  and  the  other  stable  below.  The  former  Is  contained  In  the 
rapidly  cooled  samples  and  the  latter  In  the  slowly  cooled  ones, 
h)  Lines  without  structxire. 

J)  Line  with  hyperflne  structure  of  Mn^^. 

k)  There  are  two  types  of  centers,  each  containing  three  nonequiv¬ 
alent  magnetic  Ions.  Because  of  the  complexity  of  the  spectrum,  the 
values  of  D,  and  A  are  determined  only  along  the  axis  of  the  crys¬ 
talline  field.  The  Intensity  of  the  second  spectrum  Is  one  hundredth 

of  that  of  the  first.  Each  of  the  hyperflne  structure  lines  of  Mn  has 
a  resolved  structure,  due  to  the  Interaction  with  the  P  nuclei.  The 
constants  of  this  Interaction  are:  =  0.00144  +  0.00003,  Ap  = 

=  0.00028  +  0.00007.  The  Intensity  of  the  Mn^"*"  spectrvun  Is  greatly 
weakened  after  Irradiation. 

l)  Spectriam  I  of  six  peaks  corresponds  to  Isolated  Mn^'*’  Ions. 
Spectrum  II  having  one  peak  is  observed  only  In  samples  with  higher 

04. 

concentration  of  Mn  ,  and  Is  probably  brought  about  by  the  aggrega- 
P+ 

tlon  of  the  Mn  Ions. 

m)  =  1-^55  +  0.002. 

n)  a  =  (+0.6  +  0.4). 10"^  cm’^,  A^  =  (9.5  +  0.3)*10"^  cm“^,  Ap  = 

=  (2.7  +  0.5). 10"^  cm"^.  A_  and  A^  are  the  constants  of  the  hyperflne 

—  B  p 

structure  due  to  the  Interaction  between  the  spin  of  the  F  nucletiB 
with  the  fi[  and  p^  orbitals,  respectively. 

o)  In  addition  to  the  ordinery  hyperflne  structure,  a  hyperflne 
structure  was  also  observed  due  to  the  magnetic  Interaction  between 
the  Mn  electrons  with  the  nearest  Cd  nuclei. 

p)  The  spectzoun  Is  due  to  the  complex  made  up  by  Mn^***  and  the 
vacancy;  the  Z  axis  Is  directed  along  the  bond  between  Mn^  and  the 
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Na"*"  vacancy,  and  the  axle  la  parallel  to  the  cubic  axis.  The  ccm- 
plexes  are  \instable. 

r)  At  20°K  each  Mn^  line  Is  split  by  the  Interaction  with  the  Au 
nuclelj  It  Is  svjggested  that  the  quadrupole  Interaction  with  Au  Is 
stronger  than  the  magnetic  Interaction. 


TABLE  4.5  (Continuation) 


3.  ■»op>yiu 


u  KFe(Se04),  •  12H,6 

4  (up.  CT.  I) 

Al:Fen=l:300 


(NH.CH,)Fc(SO.).  •  12H,0 

4  (xp. «.  1) 

Fe:Al=  1:200 
NH,Fe(S04), .  12H,0 
Pe:AI-:l:80 
,,  RbFe(S04)..  12H.O 

4  .  (Xp.  «T,  I) 

Fe:Al-nl:300 


Fe*  BAl^Be,(SIO,), 

Fe*+ ■  MgO 

Fe*+  ■  SrTiO, 
Fe*+:TF+—10-« 


_  F«*+  •  Si 

2o  R  Motfortai.) 

FeJ(CH,CO),CH], 
10-* 

Pe»+  ■  MffW04 

i«wr 

Fe^  ■  AUO, 
Pc:Al«nO^ 


r.  ‘K 

z 

D 

F 

ilHTCp*- 

2  SaMWiiHi 

90 

2,003 

—0,0103 

—0,0127 

—04002 

[1] 

f-(io4±o4r 

±0/)03 

±0,0001 

±0,0002 

±04002 

20 

2403 

^4115 

—0,0127 

—0fi002 

±0401 

:t0,0001 

±0,0001 

±04001 

90 

(— )0,I88 

(-4410 

ni 

±0,014 

±0,004 

4 

0,016 

(— )0,0128 

123] 

, 

-♦-0401 

-«-0,0004 

90 

2403 

444022 

—0,0134 

—04003 

11] 

f  v(7,5±04)* 

1:0403 

-►•0,0002 

±0,0002 

±04^ 

20 

%003 

+04031 

—04134 

—040033 

±0401 

±04001 

±04001 

±0fi00l 

290 

2.00 

O4I6S8 

.  0,01445 

04004S 

[15] 

),  B.0458  ejWS 

t,Mi0460|  ejT*. 

290 

24037 

+0,0205 

[13] 

290 

±04007 

240i 

0 

04198 

[11,  17] 

6)  b 

±0401 

±04010 

V 

ofloon 

042201 

±040003 

±04011 

10 

24m 

+0y00073 

[19,  21] 

A*»«=7,OIO-«cjtr‘, 
r)  d 

290 

047 

[10] 

■)  c 

7^ 

24 

-0487 

[23] 

£_>+ 0,174  CM'S 

200 

+<W670 

04241 

+04320 

[12,  22] 

•) 

±0401 

±04001 

±04004 

±04002 
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TABLE  4.5  (Continuation) 


1 

r.  -K 

f 

D 

1 

m 

P 

llBTtpf 

gtm 

2  aUNWIM 

77 

2,003 

f 

-J-0.1716 

0,0236 

+0,0.337 

:ib0/)01 

±0,000! 

±0,0004 

±0,0002 

4,2 

2,003 

+0,1719 

0,0224 

+0^339 

„  6 

±0/)01 

±0,0001  . 

±0,0004 

±0,0002 

„  Fe*+  B  BaTiO, 

Fe :  Ti  as  10“*  —  4.10-4 

290 

2;oo 

<^,0830 

0,0004 

120) 

—  .  , TaK)Ke  ■apn  aavmaia  mvfi  a  —  -  —a •  —  •-  Q  O 

Fe(C.HA)i  te~l,95)  [4];  Fe(C,H.O,)i  (SJ:  Fe (C.,H,.COO),  (ff~2,00)  [6):  FeCl (C,H.).  (CN), 

2,0)  17):  FeCl,  [5):  FeF,  •  4,5  •  H,0  (13);  FeK(SO,),.  12H/>  (Fe :  A1  =  1 : 385,  »  =  0,03  ej«-‘)  (14];  FeNH,  (SO,),  •  12HiO 
(g-:2,  »  =  0,032  CM-')  (14):  Fe(NH,)(SO,),.  i2H,0  (i'-.l.O?)  (13);  Fe(NH,),(C,H,0,),  '  24H,0  («-••  1,98)  W, 

Fe,[Fe(CN),I,  [5];  FeOH(C,H,0,),  (5);  FePO,  •  4H,0  [5];  (PeP,),  •  9H,0  (^— 2,02)  (4);  Fe,(SO,),  •  3H,0  jSJ; 

Fe»(C,0,),  (5):  Fe, (SO,),  •  #H,0  (^«w2,01)  14);  Fe, (CH,COO), (OH), NO,  •  6H,0  (7;=.15*K,  2,0)  19J. 

F«i(C,H,(OH),OPO,l,  [5]:  Fe*+  a  3Y,0,  •  50a,0,  [24j. 

HdxnsLX^lcs  • 

a)  =  2,  nonequivalence  due  to  the  difference  In  the  directions 

of  the  cubic-field  axes.  ,  o  .  ^  _ 

b)  Below  the  phase -transit Ion  point  (near  100  K)  the  single  crys¬ 
tal  consists  of  tetragonal  domains. 

c)  =  2,  the  crystal  Is  orthorhombic.  Upon  dilution  of  the 

aluminum,  a  similar  but  not  Identical  spectrum  was  obtained.  Thus,  the 

crystalline  field  acting  on  the  Fe^'*’  may  vary  from  diluent  to  diluent. 

d)  Isotropic  line.  . 

ej  The  Y  axis  Is  parole  1  to  the  b  axis,  the  Z  axis  lies  In  the 
ac  plane  and  forms  a  41. 5°^  angle  with  the  a  axis.  The  signs  of  D  and 
are  detei?mlned  from  a  comparison  of  the  Intensities  at  2  and  4  K* 


Od- 


3+ 


,,  Mg,ad,(N0,)„.24H,0 

290,77 

1,991 

[15] 

4  («P-  CT.'  3) 

Cd:Bi  4=1:5000 

Gd :  Bi  =  lO** 

90,20 

1,992 

0,0124 

+0,00009 

-H),00006 

-H),00I2 

[1] 

-1-0,003 

±0,0001 

±0,00001 

±0,00001 

±0,0001 

Od  (C,H,SO,),  •  9H,0 

90 

1,990 

.  -Hl/1204, 

—0,00039, 

-H>, 00006. 

+0,00035 

Pi 

4  («P.  CT.  ») 

±0,002 

±0,0002 

±0,00003 

±0,00001 

±0,00005 

[13] 

Qd:U  — 1:200 

20 

1,990 

+0/1199, 

— 0,00a39I 

-H),000063 

+0/10040 

Od,(SO,),  •  8H,0 

±(^002 

±0/1001 

±0,000015 

±0/100005 

±0/10006 

l«i»l 

Od:  Sms,  1:200 

300 

(+)0,0633 

(-)0/1013 

[12] 

±0,0005 

±0/106 

±0,0003 

» 

13) 

OdCI, 

290 

1,991 

-H)/100836 

+0/100168 

+0,000064 

I7J 

lKl«l  ' 

±0,001 

±0/100010 

±0/100004 

±0/100015 

Od:(La.  Gc)4sl0~* 

00 

1,991 

+0/101000 

+OjOOQaj3 

+4000140 

m 

Jt0,001 

«a-AjMQ|1QO 

±0^00006 

±oubmwup 

bd:La>-S- 10-* 

4 

1,901 

121] 

■ 

±<WI01 

OdCk  •  7H«b 

200 

+001010 

-0/10732 

(10] 

±0/103 

±oyoooio 

±0(00090 

±oimi 

|6oo 

±0/103 

»M-.(3,7±03)X 
X  i(r‘  cM-\ 


•X«) 

») 

«•) 

“•nfCJSf^x 
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TABLE  4,5  (Continuation) 


1 

r.*K 

t 

*1 

*1 

*1 

Am- 

38«-«-. 

OdCl,  .  7D,0 
Od:U«»2-  l0-‘ 

99—77 

290 

77 

1!^ 

±am 

1,99 

+OX)009 
.  ±0,0030 

-00115 

±00007 

[15] 

e;;;-o.75±o,o7 

»VM  — (5,3±00)X 
X  lir*  «4r‘ 

Od*+  ■  UF, 
Od:U=IO-< 

00 

1,090 

±0,001 

+0,0230 

±0A)01 

-0,0005 

±00002 

-000056 

±000002 

+0000014 

±0000020 

[22] 

e) 

^opiiyjt 

T.  ‘K 

JT 

Ae.  1) 

1 

JlmpATTpt 

SmcKHiii 

Qd  B  ThO, 
ad:Th— 10-* 

290 

1,9913 

±0,0005 

0,1755 

±0,0003 

[16] 

e=»(219.9±0,3)  •  lO'*  c*r*, 

(1,0  ±0,3)  •  10-‘  eM-\ 

90 

1,991 

0,1796 

[16] 

e  — (225,0  ±0,8).  lO-*  cjB-‘, 

■  ^  1 

±0,001 

±0,0008 

d  — (1,7±0,8)  .  10-*  e*r‘,  A(„—l, 
.^=0,744  ±0,007 

Od»+  B  CiP,  i 

290,  4 

90 

1,9918 

±00010 

0,1491 

±0,0008 

~2,1 

[8,  9,  10.  14] 

[20] 

A(„  =  3 

25r4*BHhtc  ocH  TeiparoiiaAbHoro  noaa  napaa- 
aeabiiu  pcOpax  KyOa,  a  =  +  0,0175 

26  nijMiiarHMTHuA  peaoHaHC  Ha6aa>juaca  TaKine  na:  Gd'^  a  LaAIOt  (r~4,2;  295;  195;  83^  K,  aHHHa  6ea  cipyKTypu 
C  1,902  Hh  0,00%  mecTb  niixoB  tohkoA  CTpyicrypu  c  ^^1,55  — 2,^  (18];  Gd  (NO|)(  •  6HsO  (Gd :  La  ■■  10~‘)  [4]; 

0da«*.6H«0  (Ob  Od(BrO,),  -OHiO  [S];  ad*>  ■  SrS  (f— 200‘K,  Od;Sr->10-«,  -^*0.73 ±0,03)  (11,  17]. 


Remarks : 

a)  The  value  of  hg  may  not  be  exact  (see  Bowers,  K.D. ,  Owen,  J. , 
Rep.  Progr.  Phys.  I8,  304,  1955) • 

b)  Monocllnlc.  M  =  8,  =  2.  The  axes  are  specified  by  the  angles 

=  28°,  =  +35°*  TJ'y  =  0°,  Oy  =  +52°,  where  is  the  angle  between 

_c  and  the  plane  containing  the  Z  axes;  is  the  angle  between  the  1-th 

8«ls  and  the  ^  plane  (1  =  z,  y). 

c)  Hexagon.  The  crystalline  field  on  Od  has  a  symmetry. 

d)  The  sign  of  the  coefficients  b^  is  determined  from  measurements 

of  the  relative  intensities  in  parallel  fields  at  20°K. 

e)  AE  =  8c  —  2d  is  the  total  splitting  in  the  cubic  field. 

f)  IJ-  =  3*  the  ion  is  acted  upon  by  a  rhombic  crystalline  field; 

bj  =  60b|^=  +0.0027  +  0.0003;  =  60b{[  =  -0.0043  +  0.0003;  b|  +  bg  = 

=  1260(b|  +  Bg)  =  +0.00085  +  O.OOO3O;  bg  =  1260Bg  =  -0.0001  +  O.OOO5. 
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TABLE  4.5  (Continuation) 


Eu*+  ■  C*P, 


9  (ecTCCTteH.) 
3  (hs  picn«<ta) 
Eu:Ca-ilO-« 


EH**'  ■  SrO* 


1,971 

J:0,001 


1,9927  0,1784  ISl 

:1:0,0010  ±0/X)08 


290  1,993 


:t:0,002  ±0^)60 


200  1,900' 

:kOuOOO 


0,1810  151 


0,00346  [4]  MarHHTHue  MOMeHTU  *"Bu  K 

±0,00001  •  ‘"Eu  HMeioT  oAHHaKOSwA  tHaic 

0,00154 
±0,00001 

0,00303  [2,3,5,6,01  /?— 0,61 2  ±0,003 


±0,00001 

0,00151 

±0,00001 

0,00345 
±0,00002 
0,00 1&3 
±0,00004 
0,00322 
±0.00003 
0,00144 
±0,00003 


Miin-- 2,26  ±0,02 


C»0,0l86  Mr> 

M— (87,9±0^)*  10-‘  «r‘ 


-  c  E“**  ■  SfS 

10  iMpaMii 

BH:Sr>^10-* 


1,992 

±0,001 


90-20  2,0 

Ea*^  B  SrS  —  SrSe  90—20  2,0 


0,00.300  [1,  4,  13] 

±0,00001 
0.001:34 
±0.00001 
0.001:39 
±0,00001 


ulti 

-Jnr-M4± 


1*1  I  I  • 

30  FlapaMarHHTHuA  pcMHaMC  HaOanACH  TiKiae  Ha  Eu*^  a  KCt  (-1^  b  1,308  ±  0,004,  0,5574  ±0/106, 

•  %264  ±0/)06,  r— TTK,!— 2,  “M ^(32,56 ±0/16)  •  I0-*cjh-‘.'‘**M— (1W2 ± 0,15)  •  fo-^wr*,  (I4,86±0/>^> 

.  I0*« “M  =(15,67  ±  0,06)  •  lO-*  ej*-»)  [O). 


1  ♦opayji 


AmpaiTp* 


3  Saaruara 


Cm'+a.LaCI,  290,  77  1,9914  0.00076  (1,  2) 

Cm:  Ub- 1:2000  ±0.0008  ±0,00002 


(9t— 5»:)^0.00a34 
±0/10005 


Mg,Gm«(NO,)„  •  24H,0  290  I  %003  I  0,00020  [I] 

'  Cm:Bl  I  j  ±0/10002 

31  napaiiannmMil  paaoaaac  HaOaBxuca  Taasc  aa  Cat**'  a  TM^  a  CaCU  (I). 


»t-P  0,00020 

±0y00002 


1)  Formula;  2)  reference;  3)  remarks;  4)  cr.  st.;  5)  two  different  mag¬ 
netic  complexes;  6)  in;  7)  (slow  cooling  from  melt);  8)  (fast  cooling 
from  melt);  9)  hexagonal;  10)  cubic;  11)  (from  aqueous  solution);  12) 
by  weight;  13)  (frcxn  melt);  14)  (from  solution);  15)  In  0.05  cm^  of  the 
crystal;  16)  (powder);  17)  In  phosphors;  18)  Mn-Au  pairs  In  SI;  19)  two 
spectrum  types «  appsui’ently  depending  on  the  S  or  Se  surrounding;  20) 
trigonal  distortion  of  cubic  field;  21)  paramagnetic  resonance  observed 
also  at  room  temperature  In;  a)  phosphoj^us  containing  small  concentra¬ 
tions  of . ;  22)  b)  undiluted  compounds . .  23)  (enriched  and 
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not  enriched);  24)  parajnagnetlc  resonance  observed  also  at  room  tem¬ 
perature  in  . ;  25)  the  principal  axes  of  the  tetragonal  field  are 

parallel  to  the  edges  of  the  cube,  a  =  +0.0175;  26)  paramagnetic  reso¬ 
nance  Is  observed  also  In  Od^"^  In  LaAlO^  (T  =  4.2,  295,  195  ,  83°K, 
lines  without  structure  with  g  =  1.992  +  0.002,  six  fine -structure  max¬ 
ima  with  g  =  1.55 . ;  27)  isotope;  28)  the  magnetic  moments  of  ^^^Eu 

and  ^^^Eu  have  the  same  sign;  29)  (natural);  30)  paramagnetic  resonance 
was  also  observed  in  Eu^"*"  In  KOI . ;  31 )  paramagnetic  resonance  ob¬ 

served  also  In  Cm^'*'  In  ThOg  and  CaClg  [1]. 


TABLE  4.6 

Pe^I^ 


1  ^apMyjt 


r.  'K 


JlMTCp** 
■N  typ* 


3  3«an(iiNi 


K.IFe(CN).] 
(Kp.  er.  7) 

Pc:Cb»IO-* 


6  Pc'"  B  MOHOKpHCTBBBaZ  MROrBO. 

6HHa,  noayocHHoro  hs  khto* 

BOfl  MUUIUU 

7  Fe'"  B  ainHOKpHCTaaaaz  reiio- 

raodHHa 

ClFe(C,H,).(CN), 

8  Pe«S  B  asHAc  (peppHMHoraotfma 

H  4>cppnreM(irao6HHa 

9  B  nepae  Oypu 

10  B  noaHKpHCTaaaHMCCKOM 

rCMKHC 

11  B  KHcaoM  MCTaecppire* 

MoranCwe 

12  B  KHCaOM  MCTBeeppHMIlO- 

rao6HHe 

13  B  eTupNxe 

,  rBooaHB 

14  •  eiopiUBfeppaMaoro 


ao 

ao 

ao 

20 

290-20 
290.  ao' 
77 


±0,03 

2.35 

±0X)2 


A 

0 


l6o 

±0.01 

3.8 

th 


±m 


ffl8 

±0,03 

2,10 

±0,02 


2,00 

±0,01 

±0,05 

iSt 


^,94 

±o.o;4 

0,91. 

±0,01 


^00 

±Oj05 


£io 


Mn:Pc«10‘* 


12 


in 

12] 

13] 

W 

IM 

[♦-«] 

m 

18] 

» 

18| 


^BnpaBJiiiomHe  KOCHHjrcu  ocett 
a  be 

z  0  0  1 

Jir  ±04166  0,500  0 

Y  ±0.500  0366  0 


A >2  «ar‘ 


A  >  2  cjif* 

15 

Ock  Z  nepncHAHKyaapHa  k 
naocKocTH  rcMB 
PaccroBHHt  Meacjiy  navaMN 
CBcpxTuHxua  crpyaTypM,  oOa- 

MHHvft  aapy 

~I0  tpm  16 


''^aaaa 


acaMiMfpmH 


i«24 

f!i82 

A 

0.72 

11] 

a  b  e 

±0308 

±0308 

±038 

Z0305  ±0390  -0322 
Jir0364  ±ai06  -0385 

Oyd&BAS 

±030006 

±030006 

ojltwa 

±03013 

K(M10  ±<M28  -0307 
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TABLE  4.6  (Continuation) 


19 


1  •opiiyM 


T.  'V. 


18  Svov  B  miiic  3*rpii>- 
hchhii  b  K(  |lnCI,l  x 
X2H,0  ' 

Mo :  In  =  10“* 
K,(Mo(CN),) 


19 

19 

19 


(nopouM) 

Ki(MoCI.].2H,0 

Mo'"  :lni«  1:200 


KtMoCl. 

(nopoutoK) 

K,MoCl, .  H,0 

(nopouion) 

KMoF, 

(Mpomoii) 

Tc**  ■  K,Pta, 


10-« 


206.  20 

290,  20 
90,  20 


290 

290-20 

U 


Mo 


III 


To 


IV 


I:  1,951 
i0,005 
II:  1,050 
±0,004 
gi  2.005 
±0,005 
g 

I:  1,93 
±0,06 

II:  1,93 
±0,06  . 

1,76 

1,06 

1.95 


i; 

±0,00051 


1,939 

±0X)06 

1,039 

±0,006 


D>1 

4-0,08 


TT 


0,15 


0,0070 

±0,0002 

0,0077 

±00002 


a($039 

±0,0005 

00039 

±00005 


/lllMI 

0,013781 

±0,00004 


Ru 


III 


000:i85| 

±00002 

000^ 

±00002 


.Amin 

0,01334! 

±000004 


gTypB 


PI 

II] 


PI 

[Si 

PI 

ID 


3  3an*<iiimi 


B  CAHHHMHOtt  BieftKe  ABB  MBrHHT- 
HO  HeBABHlBACHTHUX  BOMIM«KCa; 
HBOanACHB  CBCpXTOHKBA^yitTypB, 

o6R3BHHa«  BApaM  Cl  20 


21 

B  eAHHHMHOft  flBCttXe  HCCXOAhKO 
HaraXTHO  HeBKBBBaxeHTHUX  KOM* 

ubkcob;  miwpBiiM  tomo  am 


1  Mpayji 

r.*K 

'a 

V 

Anrtpa- 

3  SamatiM 

(Ru(NH,),ia, 
Ra.’Co— 1:200 

20 

1:  2,06 

2,02 

1.72 

0,0048 

0,0048 

00049 

11-8] 

•) 

±001 

±001 

±001 

±0,0002 

±0,0002 

±00002 

II:  1,80 

1.90 

206 

00048 

0,0048 

0,0050 

i 

±0,01 

±0.01 

±0,01 

±0,0002 

±00002 

±00002 

111:  1,15 

1,84 

2,66 

0,0045 

00041 

00054 

±0,01 

.  ±001 

±001 

±00(102 

±00002 

±00002 

K.(RuCl.]-2H/} 

20 

1.0 

i,a 

3,24 

w 

Ru:lnal0~* 

±001 

±002 

±002 

lRu(NH,),ia, 

20 

2.21 

205 

10 

[1] 

SHkQ 

±0,1 

• 

22  rUpaMarHHTHuO  pcsomiK  KaOanACH  '  raxme  b  HcpaaOaBaeHHux  xpNCTsaaax  (Rn  (NHi)*]  CU,  (Ra  (NH|)»CI]C1|  npn 
T  ■■  20^  K  .1 1 J. 


Remark,  a)  The  unit  cell  contains  three  pairs  of  magnetically  non 
symoetry  plane  for  the  Ions  of  each  pair.  — 
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TABLE  4.6  (Cont Inflation) 


Af“,  R*«v 


r.*K 

tit 

fx 

Jlanaarypa 

Ag(C,H.N),S,0, 

(nmuiM) 

AK;a—l:20 

(nopoBw) 

297,  20  ■ 

X\i 

2,04 

(11 

• 

f-2,06 

(11 

Aii-o^HaNTpoaHH  nepcyju- 
teT  ccpeftpa 

KilReCUl 

_  (n.  «T.  n 

Rt:Pt— 1:200 

200,00,  20 

%18 

%04 

• 

00,20 

1^14 

(U 

HiOanacHO  0  aHMHO  (bosmokho, 
caepiTONKta  ctpynypa  or  *~Re,  **'Rc) 

—  II 

1  •opuyat 

r.  nc 

t 

25  etc  It 

^OMaBr 

3  Scac’iaam 

KillrSy 
y  ticp.  CT.  o 

lr:Pt— 1:200 

20 

%  ' 
±:0,I0 

±0fi4 

(11 

27 

OCH  HeBKBHBBJieHTHUX 

BounaeKcoB  napajacBMiu  peOpaii 
■yOMcecKoi  BBiwiiaHoi  aiciiui 

K,IIra,l 

(n.  CT.  1) 
Ir:Pt— 1:200 

20 

±.0fl2 

• 

(21 

28 

Bee  KOMnacKCu  SKBaBaaeMTHw 

h  '  (Itp.  CT.  1) 

lr:Pt  1-1:200 

20 

''“fAS" 

±0,001 

Ajf^^Ay  ^  Ag 

omm 

±0,00010 

A',^A:xmA: 

.000088 

±000004 

(11 

KOMnaeKChi  aanKBaacHTHiii; 
OCH  X,  Y,  Z  napaaaeabHu  pe6- 
paM  Ky6H<iecKoA  cahhmnhoA  aMeAxH 
"  ““MSW*  ci^  3Ha<ieHHe  A' 

JWH  “Cl 

N««[lrBr,] ‘OHiO 

^  dp,  CT.  It 

lr:Pt«}:200 

20 

^25 
±0,02  . 

±0,02 

±000010 

'"tew* 

±0g0002 

(11 

30 

Bee  Kranaeicu  >KBH>aaeHTHu; 
OCH  A,  ]r,ZMpaMCBMu  ocaM  oaia* 
Br,.  aaaaeiMa  A*  «aa  «Br, 

gx 

0,75 

±0,10 

NBf(lrQ.]-eH.O 

dd  CT.  4 

Ir:Pt  1-1:200 

20 

±002 

^07 

±002 

0^255 

±000010 

o1^2SS 

±000010 

0O&II6 

±000004 

o!&I07 

jbOjWMMH 

(1] 

31 

®*iS  waaBaaetiTHH: 

®“A’tK,.^paaa«akaii  ocaM  <ma> 
BABB  Oa.  amBBMM  A'  MB  MQ 

^‘,05 

±002 

0^4 

±00001 

a;  <0,0005 

32  napiMraniwa  pooMnc  aatouw  tauN  ■  (NH.)|lrCI.  ipa  -a*K  ■  r  -tiniiiw  RtPt-iltNbl:l«  (||. 
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TABLE  4.6  (Continuation) 


1  ••riijrM 


.  34 

Uin  ■  CaP| 
U-.Ci—lO-* 
U"‘  ■  SrF, 
U:Sr— 10-* 
U'“  •  B»  F, 
U:Bi-=10-« 
UCl, 

U:U=10-* 

(oCoraacH  U**>) 

.  U :  Nd 
U*“:La  =  l(r» 

(aCputu  oAoraata) 
(OOpOBOK) 

UP, 

(Mpoaox) 


L0,008  ±0,002 


±0^  ±0,002 


±0,002  ±0,001 


d;0,005  ±0,002 


200,  00  2,8-2,0  2,1-SL2 


200  gM.%U 


0,0176 

±0,001 


0A7786 

±0/)0012 


0,00575 

±0,00005 


0,01236 

±0/)0010 


•0,00055 

±0^)0005 


ojooooe 

±0,00010 


33 

a);  M„~3;  Ha  hoh 
xcAcTt>eT  aKCHaaif 
HOC  noae,  xpHCTaa- 
aHMCCKHC  OCM  HC* 
SKiMaacHTHwa  mo- 
iioa  mniMMeHii  no 
pel^M  nyOa 


Remark:,  a)  A  complex  hyperflne  structure  due  to  the  P“  nuclei  was 
observed  In  CaF2  and  SrFg*  is  well  resolved  Into  an  even  number  of 

components  In  some  directions. 

Kpo|^,  Puo|^ 


A*"  B"»  37 

(N|)0,)Rb(NOJ,  20-12,  8^40  0,20,  (-fAlOSd,  0,0176,  (-)W30I,  Il-«1  ftiHociTeawnie 

<ip.  CT.  i«t  4^  ±0,0002  ±a0002  ^00008  anaKH  Am  P  onpt> 

JKaCRII  MMCpca* 

NpO, :  UO,  cnenao 


(PuOj)M(NOJi 
PitO.:UO,a.  1:17-1:200 


20—12  &d2  <04  (MW2  0/HOT 

^0ik2  ^lOOOK  ^QyDQ04 


[1]  38  A  nano 


— aroe 


Tua'i  — 

^±0AO« 


Na(Py0^jCH.COO^ 


ao2 


(Pa,U)OJ»(NQJk  7—1,8  ^18  ~0  00804  ^ 

±W1  ±WI 


Remarks: 

a)  Cubic;  M  s  4.  Linear  groups  O-U-0  lie  along  the  body  diagonals 
of  the  cube;  each  U  Is  also  surrounded  with  six  0  from  the  acetate 


groups.  Eight  0  form  a  distorted  cube. 

b)  The  spectrum  Is  apparently  due  to  unusual  oxides  of  Pu,  the 
con?>osltlon  of  which  has  not  yet  been  established. 

l)  Formula;  2)  reference;  3)  remarks;  4)  cr.  st. ;  5)  direction  cosines 
of  the  axes  are;;  6)  Pe^^^  In  single  crystals  of  myoglobin  obtained 
from  whale  muscle;  7)  Fe^^^  In  single  crystals  of  hemoglobin 

ClPe(C6H4)4(CN)8; 

8)  In  ferrlmyoglobln  and  ferrlhemoglobln  azide;  9)  In  borax 

beads;  10)  In  polycrystalllne  hemln;  11)  In  acid  metaferrlhemoglobln; 

12)  In  acid  metaferrlmyoglobln;  13)  In  fluoride  of  ferrlhemoglobln; 
l4)  In  fluoride  of  ferrlmyoglobln;  15)  Z  axis  perpendicular  to  hema 
plane;  l6)  the  distance  between  maxima  of  the  hyperflne  structvire,  due 
to  the  ^"^Pe  nucleus  is  approximately  10  oersted;  17)  asymmetrical  line; 
l8)  Mo^  In  the  form  of  contamination  In  K2[InClg]  x  2H2O;  19)  (powder); 
20)  the  unit  cell  contains  two  magnetically  nonequivalent  complexes;  a 
hyperflne  structure  due  to  the  Cl  nuclei  Is  observed;  21)  the  unit 
cell  has  several  magnetically  nonequivalent  conplexes;  only  two  were 
measured;  22)  paramagnetic  resonance  was  observed  also  In  undilute 
crystals  of  [Ru(NH2)g]Cl2,  [Ru(NH2)5Cl]Cl2  at  T  =  20°K  [1];  23)  dl-o- 
phenanthrollne  persulfate  of  silver;  24)  six  lines  observed  (possibly 
the  hyperflne  structure  of  ^®^Re,  ^®'^Re);  25)  HFS  Ir;  26)  HPS  Cl  or  Br; 
27)  =  3i  axes  of  nonequivalent  complexes  parallel  to  the  edges  of  a 

cubic  xinlt  cell;  28)  all  complexes  equivalent;  29)  all  complexes  equiv¬ 
alent;  the  X,  y,  and  Z  axes  are  parallel  to  the  edges  of  the  cubic  unit 
cell  and  to  the  axes  of  the  Clg  octahedron.  The  value  of  A'  is  for  ^^Cl; 
30)  all  conplexes  equivalent;  the  X,  Y,  and  Z  axes  parallel  to  the  axes 
of  the  BTg  octahedron.  The  value  of  A'  Is  for  "^^Br  and  ®^r;  31)  all 
complexes  equivalent;  the  X,  Y,  eind  Z  axes  parallel  to  the  axes  of  the 
Clg  octahedron.  The  value  of  A'  Is  for  ^^Cl;  32)  paramagnetic  resonance 
was  also  observed  In  (NH2|)2^C^6  ^  =  20-2°K  with  a  dilution  ratio 

Ir:Pt  =  1:10  and  1:100  [3];  33)  a);  ^^  =  3;  the  Ion  Is  acted  upon  by 
an  axial  field,  the  crystalline  axes  of  the  nonequivalent  Ions  are  di¬ 
rected  along  the  edges  of  the  cube;  34)  In;  35)  (enriched  with  U^^^); 

36)  (specimen  enriched);  37)  relative  signs  of  A  and  P  determined  di¬ 
rectly;  38)  d  small. 
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7.  CfwwpotmdB  with  anomalous  valence 

TABI£  4.7 


on 
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Key  to  Table  4.7 


1)  Substance;  2)  reference;  3)  remarks. 
a)  In  0.05  cm^  of  the  C3:ystal 

B)  Prior  to  Irradiation,  Cr^"**  In  NaP  yields  no  spectrum  down  to  20°K, 
but  after  Irradiation  a  spectrum  appears  which  Is  presumed  to  be 
due  to  the  Or'*’.  The  value  of  the  cubic  splitting  parameter  Is  a  = 

=  0.00036  +  0.00004. 

The  constants  of  the  Interaction  with  the  fluorine  nuclei  are: 

Ag  =  0.00128  +  0.00002,  A^  =  0.00009  +  0.00007. 

On  heating  to  150°C,  the  Irradiation  effects  disappear. 

C)  The  line  appears  at  90°K  after  Irradiation  and  has  a  flat  top, 
with  a  width  of  about  200  oersted;  It  is  presumed  that  It  Is  due 
to  Co"^.  After  heating  to  150°C,  the  Irradiation  effects  disappear. 

D)  Prior  to  Irradiation  no  spectrum  is  observed  down  to  20°K.  After 

Irradiation  spectrum  appears,  ascribed  to  Nl"^.  =  3;  the  spec¬ 

tra  of  the  nonequivalent  Ions  are  similar  and  correspond  to  axial 
symmetry;  the  symmetry  axes  of  the  nonequivalent  Ions  are  located 
along  the  edges  of  a  cube.  The  Interaction  constants  with  the  P 
nuclei  are: 

aJ  =  0.0041  +  0.0002,  aJ  =  0.0016  +  0.0003, 

E)  aJ^  very  small. 

The  Index  I  pertains  to  the  fovu*  P  located  In  a  plane  perpendicular 
to  the  symmetry  axis,  and  the  Index  II  to  the  two  P  on  the  sym¬ 
metry  axis.  After  heating  to  150°C,  the  Irradiation  effects  drop 
out. 

p)  The  hyperflne  structvire  constants  due  to  the  Interaction  with  P" 
are: 

Q)  Solutions:  H)  dlpyrldyl  of  chromium;  I)  dlpyrldyl  of  vanadium;  J) 
dlpyrldyl  of  titanium. 

K)  Remark.  A^  Is  detexmlned  by  the  contact  Interaction  of  the  jb  elec¬ 
trons,  A^  Includes  the  dipole  Interactions  and  the  coupling  via 
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the  orbitals.  It  is  assximed  that  and  are  the  same  for 
all  six  F. 
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§4.3.  Paramagnetic  Resonance  Spectra  In  Electrolyte  Solutions 

Paramagnetic  absorption  In  liquid  solutions  of  salts  was  first 
observed  by  Zavoyskly  [1]  In  1944. 

Prom  among  the  Inorganic  compounds  In  solution,  the  salts  studied 
predominantly  to  date  have  been  those  of  the  Iron  group  Ions.  The  sol¬ 
vent  used  for  the  most  part  was  water;  In  addition,  various  monatomic 
and  diatomic  alcohols,  glycerine,  acetone,  dioxane,  and  other  organic 
liquids  were  used. 

A  measurable  resonant  effect  was  found  in  solutions  containing 
the  Ions  Cr^'*',  Mn^^,  Pe^^,  and  Cu^.  The  observation  of  paramag¬ 

netic  resonance  In  solutions  of  and  [W(CN)g]^“  salts  Is  also  re¬ 
ported. 

The  Investigated  absorption  lines  are  either  single  or  display  a 
hyperflne  structure.  The  maxima  of  the  fine  structure  are  not  resolved, 
although  It  is  known  that  In  certain  polycrystals  (for  example.  In 
chrome  alum  powder)  they  can  be  observed.  In  solutions,  on  the  other 
hand,  the  fine  structure  Is  manifest  only  In  the  width  of  the  line. 

The  values  of  the  effective  £  factors  are  close  to  2,  but  for 

2+ 

some  Ions,  particularly  for  Cu  ,  their  exact  value  depends  appreciably 
on  the  nearest  surrovindlng  of  the  ion.  In  particular,  a  change  In  sol¬ 
vent  or  complex  formation  lead  to  a  change  In  £. 

A  hyperflne  structure  of  paramagnetic  resonance  lines  was  observed 
In  aqueous  solutions  of  the  simple  salts  [2-4],  [4,  5], 

and  also  In  solutions  of  the  complex  salts  [6]  and 

The  spectzw  Is  described  by  a  spin  Hamiltonian 

The  resonant  value  of  the  field  Hq  =  for  the  treuisitlons  (M,m)  -»■ 

(M  —  l,m)  are  given  by  the  expression 

=  H — Ant  — ^  0 


where  H  =  hv/gp,  which  is  In  good  agreement  with  experiment  In  the 
case  of  solutions  of  Mn^  and  VO^  in  water. 

When  the  frequency  of  the  oscillating  field  is  low  (v  »  100  Mcs), 
l.e.f  under  conditions  corresponding  to  the  Zeeman  effect ^  a  single 
peak  with  g  =  1.00  is  observed  in  the  hyperfine  structure  In  weak 

2-4" 

fields  in  aqueous  solutions  of  Mn  .  The  position  of  this  peak  is 
described  by  the  formula 

(a) 

where  P  is  the  quantum  number  of  the  resultant  momentimi  of  the  elec¬ 
tron  shell  and  of  the  nucleus  and  gp  =  .3:) 

Indeed,  when  J  =  I  =  5/2  we  obtain  =  1  for  Mn^'*’.  This  effect, 

discovered  by  Al'tshuler,  Kozyrev,  and  Sallkhov  [2],*  was  the  first 
evidence  of  the  Influence  of  nuclear  spin  on  the  electron  paramagnetic 

resonance  line.  The  fact  that  formula  (a)  is  applicable  to  the  descrip 

2+ 

tlon  of  the  effect  in  aqueous  solutions  of  Mn  salts  shows  that  in 
this  case  the  fine  splittings  are  quite  small  as  compared  with  the  hy¬ 
perfine  splittings.  Measurements  in  solutions  of  other  ions  (for  exam- 
pie,  VO  )  under  weak  field  conditions  have  shown  no  agreement  with 
this  formula. 

In  solutions  containing  the  ions  ^"^Pe^^,  53qp3+^ 

and  the  hydrated 

ions  no  hyperfine  structure  is  observed  because  its  con¬ 

stant  is  small  conpared  with  the  line  width.  Por  ^^Pe^"^  and  53cr3-^, 
the  hyperfine  structure  constants  are  quite  small  also  in  all  the 
solid  corapoimds  of  these  ions.  On  the  other  hand,  for  the  ions  of 

63,S5q^2+  situation  is  to  sane  extent  close  to  that  observed  in 
aq 

solid  copper  salts,  which  have  trigonal  symmetry;  in  the  latter,  the 
hyperfine  structure  constsmt  is  small  at  sufficiently  high  ten^era- 
tures  and  is  close  to  isotropic;  the  jg  factor  is  likewise  close  to  iso 
tropic  (see  the  foregoing  tables  for  the  solid  salts  of  Cu^'*'). 
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In  aqueous  solutions  the  copper  Ion  is  surrounded  by  a  deformed 
octahedron  of  water  molecules;  one  of  Its  axes  Is  elongated  because  of 
the  Jahn-Teller  effect.  It  is  obvious  that  we  have  three  possible  de¬ 
formations  of  this  type,  corresponding  to  the  same  energy.  Transitions 
can  occiu?  between  these  deformations  and  impart  to  the  JeUin-Teller  ef¬ 
fect  a  dynamic  character  In  this  case.  Calculation  [8]  has  shown  that 
one  can  explain  on  this  basis  the  single  line  observed  In  aqueous  so¬ 
lutions  of  copper  salts.  On  the  other  hand,  the  presence  of  a  resolved 
hyperflne  line  structiare  In  solutions  of  several  complex  copper  salts 
is  due  to  the  fact  that  owing  to  the  large  mass  of  the  ligands  and  to 

OJ. 

their  stronger  bond  with  the  Cu  ion,  the  Jahn-Teller  effect  loses 
Its  dynamic  character  to  some  degree.  Accordingly,  the  hyperflne  struc¬ 
ture  constants  Increase  and,  like  the  £  factor,  they  become  less  Iso¬ 
tropic.  The  values  of  the  £  factors  and  of  the  hsrperflne  structure  con¬ 
stants  of  the  Ions  Investigated  In  solution  ar’e  listed  In  Table  4.8. 

We  note  In  conclusion  that  paramagnetic  resonance  was  Investigated 
also  In  certain  supercooled  solutions  (glasses)  [12-14].  In  this  case 
a  hyperflne  structxire  of  absorption  lines,  which  was  anisotropic  for 
and  Cu^'*',  was  observed  for  the  Ions  and 

63^65q^2+^  In  the  case  of  Mn^"^  the  structure  Is  Isotropic,  and  at  low 
frequencies  a  single  peak  with  g  =  1  is  observed,  as  In  aqueous  solu¬ 
tions  of  this  ion,  but  broader.  One  of  the  results  of  work  done  In 
this  field  was  the  establishment  of  the  value  of  the  spin  I  =  1/2  for 
the  ^^Pe  nucleus  [15].  The  experiments  were  set  up  In  cooled  melts  of 
borax  containing  ^^Pe. 
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TABLE  4.8 


g  Factors  and  Hyperflne  Structure  Constants 
in  Liquid  Solutions  of  Paramagnetic  Salts  at 
Room  Temperature 


1 


CoexHiicHHi 


1)  VO»+ 

voci,:  voso, 

2)  Cr*+ 

Cr  (NO.), 

3)  Mn*+ 

MnCI,;  MnSO.; 

Mn  (NO,), 

4)  Fc*+  il-cF,J'+  IFcF.I 
a)  Cu*'*' 


Cu  (N0,),.3H,0 

> 

6  Cu —  aucTHAaueTOHar 

> 

> 


7  Cu  3-aTiiaaueTOiiaT 

» 

8  Cu  araHoaaMHH 

9  Cu  jiiOTaMo.iaMiiii 


KonucHTpauMt 
^ona,  MOAhiA 


.  PacTBopNTeM 


0,3 

3-^-0, 25 


4 


10  Bojia 
iBojia :  aite* 
TON  =1:19 
10  BoAa 


0, 2-^0, 01 

0,3 

0,3 

4^0,01 

2.5 

2 

2^1 


0,08 

1 


0,14 


0,19 


0,27 

0,15 

0,15 

0,15 


10  Bona 

I  Bojia 
I  Bojia 
I  Boja 

^THaOBblft 

nj3  auTh 

j  ^PaimcpiiH 

AHOKCaH  + 
+  Toayo* 

3j6  Xaopo- 

(JiopM  TO- 
,  ^ayoa 
J-OXaopo- 

(j)op»i  +  TO- 

ITxT/o- 

I^OpM-|-4CTU-| 

pcxxaopiic- 
ruft  yracponj 
( AiioKcaii- 
Toayoa 

> 

1  ^^iioxcaH 
10  BoAa 
10  Bofla 


t 

A, 

^pcm 

JJme- 

^«VP« 

,962±0,002 

116 

■•I 

1,962 

110 

41 

±0,002 

1,972 

[9 

±0,008 

2,000 

95,6 

[4 

±0,002 

(~2) 

{~2) 

2,184 

91 

9 

9 

±0,004 

2,184 

(91 

±0,004 

2,156 

(9) 

±0,004 

2,088* 

[91 

±0,004 

2,138* 

~70* 

(101 

2,130* 

~73* 

101 

2,127* 

~79* 

101 

2,124* 

~79* 

(101 

1,126* 

~77* 

[101 

2,134* 

~73* 

(101 

2,129* 

~75* 

10 

~2.2* 

~36* 

11 

2,11* 

~75* 

11 

2,12* 

~75* 

11 

Remark  on  Table  4.8.  the  values  of  the  £  fac¬ 
tors  and  hyperflne  structiire  constants  noted 
with  an  asterisk  have  been  obtained  without 
account  of  the  second  approximation. 

Ij  Compoxind;  2)  Ion  concentration,  mole/llter; 
3)  solvent;  4)  A,  oersted;  5)  literature;  6) 

Cu  —  acetyl  acetonate;  7)  Cu  3-ethylacetonate; 
8)  Cu  ethanolamlne ;  9)  Cu  diethanolamine;  10) 
water;  11)  water :acetone  =  1:19;  12)  ethyl  al¬ 
cohol;  13)  acetone;  l4)  glycerine;  15)  dlox- 
ane  +  toluol;  16)  chloroform  +  toluol;  17) 
chloroform  +  carbon  tetrachloride;  18)  dlox- 
ane-toluol;  19)  dloxane. 
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§4,4.  Use  of  Electron  Paramagnetic  Resoneinoe  for  the  Determination  of 
the  gplns  of  Atcanlc  Nuclei 

One  of  the  Important  results  of  investigations  on  the  spectra  of 
paramagnetic  resonance  was  the  determination  of  the  spins  of  several 
atomic  nuclei.  Table  4.9  lists  the  corresponding  data.  It  must  be 
noted  that  this  table  does  not  Indicate  the  many  cases  when  the  value 
of  the  nuclear  spin,  prevloiisly  determined  by  other  means  (and  some¬ 
times  \inrellable) ,  was  confirmed  by  the  electron  paramagnetic  resonance 
method.  Nor  do  we  present  In  the  form  of  a  separate  table  the  values 
of  the  magnetic  moments  of  the  nuclei,  obtained  by  this  method,  since 
they  cannot  compete  In  accviracy  with  the  data  obtained  by  the  nuclear 
paramagnetic  resonance  method.  Some  Information  pertaining  to  magnetic 
moments  Is  given  In  the  remarks  for  Tables  4. 1-4. 6. 


TABLE  4.9 

Values  of  Nuclear  Spins  Determined  by  the 
Electron  Paramagnetic  Resonance  Method 
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Chapter  5 

FORM  OF  PARAMAONETIC  RESONANCE  ABSORPTION  LINES  IN 
IONIC  CRYSTALS  AND  ACOUSTIC  PARAMAONETIC  RESONANCE 

§5. 1»  Introduction 

The  construction  of  a  theory  for  the  form  of  paramagnetic  reso¬ 
nance  lines  Is  a  much  more  complicated  task  than  a  theoretical  Inter¬ 
pretation  of  the  paramagnetic  spectra.  Furthermore,  the  problem  has 
been  very  little  Investigated  experimentally.  Therefore,  In  spite  of 
the  existence  of  several  basic  researches,  many  unsolved  problems 
still  remain. 

The  deep  analogy  between  the  electron  and  nuclear  resonances 
frequently  makes  It  possible  to  extend  the  results  obtained  In  one 
field  to  the  other  field.  In  Investigations  of  the  form  of  nuclear 
resonance  lines,  an  Important  role  Is  played  by  Bloch's  phenomenologi¬ 
cal  equation  [1] 

(/Af  r .  j  fji  1  Afjc  1  Af  V  t  Af,  ^ , 

Where  M  Is  the  magnetization  at  the  Instant  of  time  t,  Mq  the  equilib¬ 
rium  value  of  the  magnetization  corresponding  to  the  static  magnetic 
field  Hq,  "y  the  gyromagnetlc  ratio,  T^^  and  Tg  the  times  of  longitudinal 
and  transverse  relaxation,  respectively,  and  1,  J,  and  k  are  the  unit 
vectors  of  the  coordinate  system.  If  the  Interactions  between  the  mag¬ 
netic  moment  of  the  particle  and  the  surrounding  Is  much  stronger,  voi¬ 
der  conditions  where  the  lattice  Is  stationary  (spin-spin  Interactions), 
than  the  Interactions  with  the  lattice  vibrations  ( spin- lattice  Inter- 
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actions),  then  the  longitudinal  relaxation  time  can  be  Identified 
with  the  spin-lattice  relaxation  time  t,  and  the  transverse  relaxation 
time  Tg  can  be  called  the  spin-spin  relaxation  time.  If  the  spin- 
lattice  Interactions  are  stronger  than  the  spin-spin  Interactions, 
then  both  the  longitudinal  and  the  transverse  relaxation  times  are  de¬ 
termined  by  the  spin-lattice  interactions,  and  therefore  =  Tg  =  t. 

Solution  of  (5.1)  under  stationary  conditions  leads  to  the  follow 
Ing  expressions  for  the  real  and  Imaginary  parts  of  the  paramagnetic 


susceptibility: 


x'=y 

90  ^ 


_ g’raK  — v) _ 

•>a  _ 

1  +  (V.  -  V)*  +  I  f  vy;  r,  y, 


(5.2) 


In  most  cases  the  observation  of  the  electron  paramagnetic  resonance 
Is  carried  out  under  such  conditions  that  the  saturation  factor  Is 

p  p 

small  (  1/47"=hJt^T2  «  l)  and  can  be  neglected.  It  must  be  borne  In 
mind  that  In  formulas  (5*2)  we  take  Into  account  only  the  component  of 
the  alternating  magnetic  field  which  Is  circularly  polarized  In  the 
direction  of  the  Larmor  precession.  The  values  of  x'  and  x"  depend 
therefore  on  the  sign  of  the  static  magnetic  field  and  consequently  on 
the  sign  of  v^.  It  follows  from  (5*2)  also  that  x"  =  0  If  Vq  =  0.  This 
Is  of  course  Incorrect,  since  absorption  exists  also  In  the  absence  of 
a  static  magnetic  field.  This  shortcoming  was  eliminated  by  Oarsten 
[2],  who  obtained  the  following  formulas  for  a  linearly  polarized  wave: 

I  11  \  i-4«»v.(v  +  v.)rn 

/•  2  /-oil  4  lr.*(y--Vo)»  fp  1  +  4k*  (v>  v,)*  fl  J ' 

■t _  I  r  r  4k*.  I  4ii* 

We  note  that  these  expressions  coincide  with  the  known  dispersion  for¬ 
mulas  of  Van  Vleck  and  Welsskopf  [3]. 

Shaposhnlkov  [4]  developed  a  thermodynamic  method  of  Investigating 


(5.3) 
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relaxation  phenomena.  In  considering  paramagnetic  resonance  [5]»  he 
arrived  at  the  formulas  of  Van  Vleck  and  Welsskopf  by  solving  the  dif¬ 
ference  equations  for  the  magnetization  of  a  paramagnet,  derived  ther¬ 
modynamically  by  assuming  the  existence  of  a  spin  system  that  Inter¬ 
acts  weakly  with  the  vibrations  of  the  lattice.  Skrotskly  and  Kxirbatov 
[6],  following  the  Shaposhnlkov  method,  presented  a  general  thermody¬ 
namic  theory  of  relaxation  and  resonance  phenomena  In  two  spin  systems. 
Systems  of  this  type  are  frequently  encountered  among  paramagnets,  for 
many  substances  contain  two  sorts  of  magnetic  particles. 

Wangsness  and  Bloch  [7]  developed  a  statistical  quantimi  theory 
for  dynamic  phenomena  In  paramagnets,  starting  out  from  the  equation 
of  motion  of  a  corresponding  statistical  operator.  It  turned  out  that 
Bloch's  phenomenological  equation  (5*1)  Is  valid  If  there  are  no  spin- 
spin  Interactions  and  If  the  paramagnetism  Is  of  pure  spin  nature 
(there  are  no  splittings  of  the  energy  spin  levels  by  electric  fields). 
Thus,  Bloch's  phenomenological  equation  (as  well  as  Its  various  modi¬ 
fications)  Is  applicable  In  a  rather  limited  region.  Nevertheless,  It 
Is  used  quite  extensively  because  It  gives  a  qualitative  explanation 
of  various  aspects  of  the  phenomenon  of  paramagnetic  resonance:  1)  It 
follows  from  the  equation  that  the  form  of  the  resonance  line  Is  de¬ 
termined  by  the  time  Tg  =  t'  and  Is  Independent  of  T^  =  t  If  the  spin- 
spin  Interactions  are  stronger  than  the  spin-lattice  Interactions,  and 
conversely  the  line  shape  Is  determined  by  the  time  Tg  =  =  t  and  Is 

Independent  of  the  spin-spin  Interactions  If  they  are  weaker  than  the 
spin-lattice  Interactions;  2)  the  equation  makes  It  possible  to  account 
for  the  dependence  of  the  line  shape  on  the  Intensity  of  the  alternat¬ 
ing  magnetic  field  which  Is  capable  of  producing  "saturation";  3)  the 
equation  makes  It  possible  to  analyze  quantitatively  various  transients 
In  radio  devices  containing  paramagnets. 
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The  difficulties  In  constructing  a  microscopic  quantum  theory  of 
the  processes  that  determine  the  paramagnetic  resonance  line  shape 
make  It  necessary  to  consider  two  extreme  cases:  either  the  spin-spin 
Interactions  are  much  stronger  than  the  spin-lattice  ones,  or  are  much 
weaker.  Because  of  this  It  Is  possible  to  assiane  that  In  the  former 
case  we  deal  with  Interactions  In  a  system  of  magnetic  particles  that 
are  In  adiabatic  conditions,  and  that  there  Is  no  energy  exchange  with 
the  lattice  vibrations  (or  with  the  Brownian  movement  of  the  particles 
In  a  liquid).  In  the  second  case  It  Is  usually  assumed  that  the  mag¬ 
netic  particles  are  Isolated  from  one  another  and  each  Interacts  in¬ 
dividually  with  the  lattice  vibrations.  In  the  sections  that  follow  we 
shall  discuss  the  theoretical  and  experimental  Investigations  of  spin- 
spin  and  spin- lattice  Interactions  In  Ionic  crystals  and  In  their  liq¬ 
uid  solutions.  In  addition,  we  shall  consider  the  theory  of  acoustic 
paramagnetic  resonance,  a  phenomenon  whose  study  can  yield  valuable 
information  on  spin-lattice  Interactions. 

§5.2.  Spin-Spin  Interactions 

1.  If  two  neighboring  magnetic  atoms  are  at  a  distance  r  from 
each  other,  then  each  Zeeman  energy  level  will  be  broadened  by  dipole 
Interaction  by  an  amount  ~h/p^.  This  can  be  visualized  In  the  follow¬ 
ing  fashion.  Each  atom  Is  acted  upon  not  only  by  the  external  magnetic 
field  Hq  but  also  by  a  local  field  produced  by  the  neighboring 

particles.  The  resonance  condition  therefore  assumes  the  form  hv  = 

=  gp(HQ  +  %ok^*  average  scatter  of  the  possible  values  of 

Hiok  is  of  the  order  of  p/r^.  It  is  clear  that  we  obtain  for  the  width 
of  the  resonant  line  Av  the  value  given  above. 

If  all  the  magnetic  particles  are  identical,  then  In  addition  to 
the  "magnetostatic"  broadening  mechanism  which  we  have  already  con¬ 
sidered,  there  is  also  a  second  broadening  mechanism,  a  "dynamic"  one. 
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Let  us  consider  two  processing  dipoles  with  oppositely  directed  moments. 
Each  of  these  produces  at  the  location  of  the  other  an  alternating 
field  of  resonant  frequency,  under  the  Influence  of  which  the  moments 
can  exchange  orientations,  for  the  total  energy  Is  conserved  In  this 
case.  The  limitation  on  the  lifetime  of  each  particle  at  a  definite 
Zeeman  energy  level  leads  to  a  broadening,  which  again.  In  accordance 
with  the  vincertalnty  relation,  has  a  value  ~h/p  r”'^. 

The  computation  methods  developed  to  date  make  It  possible  to  cal¬ 
culate  the  moments  of  the  resonance  absorption  curve.  By  k-th  moment 
of  an  absorption  line  Is  meant  the  quantity 

f ^  J  ('  ^1.)*  i'  ('')  ( 5 .  ^ ) 

If  the  paramagnetic  resonance  line  has  a  Oausslan  shape  (1.20),  then 

oh  ,  . 

at  Mg  =  o  ,  =  3a  .  If  the  line  shape  Is  Lorentzlan  (1.21),  then  In 

order  for  the  Integrals  to  converge  for  positive  k,  the  g(v)  curve 

must  be  cut  off.  If  we  assme  that  the  function  g(v)  =0  when  Mg  = 

=  oAv/tt,  Mi^  =  a^Av/3'n,  then  |v  —  Vq|  >  a. 

This  method  was  first  used  by  Waller  [8],  and  then  by  Broer  [9] 
to  estimate  the  magnitude  of  the  spin-spin  Interaction.  An  analysis  of 
the  paramagnetic  resonance  absorption  line  shape  by  the  method  of  mo¬ 
ments  was  carried  out  by  Van  Vleck  [10].  Van  Vleck's  theory  Is  based 
on  the  following  assumptions:  a)  the  particle  magnetism  Is  of  the  pvire 
spin  type;  b)  there  Is  no  paramagnetism;  c)  the  frequency  of  the  oscil¬ 
lating  field  Is  so  high  that  the  Zeeman  energy  Is  much  larger  than  the 
average  energy  of  the  spin-spin  Interaction  of  the  neighboring  par¬ 
ticles;  d)  the  exchange  forces  are  Isotropic;  e)  the  temperature  Is  so 
high  that  all  the  Zeeman  levels  are  equally  populated. 

The  Hamiltonian  of  the  spin  system  contains  the  Zeeman  energy  as 
well  as  the  dlpole-dlpole  and  exchange  Interactions: 
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(5.5) 


where 


/ 

'’-5^,,...  -  >]  (^7*"  (SjS,)  ~  2r-^  (r,*S;)(r/*S*)). 

/<* 


OtfM  ^ 

y<* 


(5.6) 

(5.7) 

(5.8) 


Here  denotes  the  _z-th  component  of  the  vector  matrix  of  the 

spin  momentum  of  the  J-th  atom,  rjj^  Is  the  distance  between  the  J-th 

~  2 

and  the  k-th  atoms,  Ajj^  =  2Z  Ijj^,  where  Z  Is  the  number  of  electrons 
In  the  unfilled  atomic  shell,  and  Ijj^  is  the  ordinary  exchange  Integ¬ 
ral.  It  Is  convenient  to  represent  the  dipole  Interaction  matrix  In 
the  form 

=  A  +  fl  +  C4-^+f+A= sT  2 X 
X  ("y*  “h  ^y»+  ^jk  +  <ijk  +  ^y*  +/yk)> 

')y<r  =  (l  —  3COS’»ys)A7y5,*, 

V==|(1--3cos'»,*)(6VV  +  >5*-S/+).  [  (5.9) 

^y*  —  =  —4=*'"  ^y*cos  fty* e 

Oik  =fjk  sin*  »y* e~’'’'‘^y  A. 

where  +  l^y  and  Is  the  angle  between  iTq  and 

We  choose  a  representation  In  which  the  matrices  S^j  are  diagonal; 

their  eigenvalues  are  denoted  by  mj.  The  magnetic  quantum  number  of 

the  entire  spin  system  will  be  M  =  Zm..  If  we  neglect  the  Interactions 

J  ^ 

between  the  spins,  then  we  obtain  a  system  of  equidistant  energy  levels 
E|^  =  g^HQM,  which  will  be  strongly  degenerate,  since  there  exists  a 
tremendous  number  of  combinations  of  values  of  m^  which  lead  to  one 
and  the  same  value  of  M.  The  eigenfunctions  will  be  denoted 

A  A 

iJ-jj.  are  considered  as  a  perturbation  and 

the  ordinary  perturbation  method  Is  used  for  the  degenerate  case,  then 


to  solve  the  problem  In  the  first  approximation  we  must  calculate  the 
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perturbation  matrix  elements  with  the  aid  of  f  functions  that  pertain 

to  only  one  considered  energy  level  Ej^j.  We  can  readily  see  that  the 

application  of  Individual  parts  of  the  pertxirbatlon  operator  to 

V'm.  ^  „  will  give  new  V'  functions  for  which  the  values  of  M, 

w;  m^,  mg#  . . .  ° 

my  and  mj^  will  change  In  the  following  manner: 

dji,'  A,M  =  0,  A/«y--0,  Aw^-nsO; 

X  f  0  ( _ 1 

dj„-.  AM  -  1,  Awy  =  I  _  ^ ,  A/«*  =  I  ^  ; 

bji,:  AM  =  o.  A/rty  =  dh|.  A/«4  — zpl;  (5.10) 

eji,  Ayl/  =  2,  A/rty  1 ,  A//I*  =  1 ; 

*  .  f  0  f  I 

Cyj:  AAf  =::  1 ,  A///y  I  ^ ,  A/«t  =r  /  . 

fji^:  ^At--=-~2,  \mj~  -  f. 

The  operator  acts  like  Prom  (5.10)  and  (5.8)  It  Is  seen  that 

the  nonvanishing  matrix  elements  pertaining  to  the  level  contain  on¬ 
ly  the  matrices  X,  B,  and 

The  probability  of  transition  between  two  Zeeman  levels  Ej^j  and 
Ejj,  under  the  Influence  of  a  radio  frequency  field  directed  along  the 
X  axis  will  obviously  be  proportional  to  | <m| Since  the  mat- 

Jv 

rlx  element  of  the  operator  =  ^^xj  first  approximation  dif¬ 

ferent  from  zero,  provided  only  M'  =  M  +  1,  then  only  one  bright  ab¬ 
sorption  line  can  appear,  with  the  Larmor  frequency  Vq.  In  the  next 
approximation  we  must  also  take  Into  consideration  the  operators  C,  fi, 
fi,  and  ^  In  order  to  calculate  the  perturbation  energy,  and  conse¬ 
quently  the  wave  functions  corresponding  to  the  energy  level  Ejj  assume 
the  form  V-jj  +  +  e2^M+l  ^3^M+2  '''  where  the  are  of 

the  order  of  p^r'VsPHQ.  It  Is  clear  that  In  the  second  approximation 
transitions  are  also  possible  from  the  level  M  to  the  levels  M'  =  M, 

M  +  2,  and  M  +  3*  Thus,  satellites  at  frequencies  0,  2Vq,  and  3Vq  ap¬ 
pear  at  the  fvindamental  line  of  frequency  Vq.  The  Intensity  of  the 
satellites  will  be  related  to  the  Intensity  of  the  fundamental  line 
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approximately  as  epl.  If  still  higher  approximations  are  taken  Into 
account,  then  weak  satellites  at  even  higher  frequencies  can  appear. 

2.  When  considering  the  principal  resonance  line,  we  must  cut  off 
the  Hamiltonian  (5*5)  by  discarding  from  It  the  terms  C,  B,  E,  and  P, 
which  do  not  commute  with  the  principal  part  of  the  Hamiltonian  H„__. 

•  Z66II1 

The  eigenvalues  of  the  cut-off  Hamiltonian  h'*’  will  be  denoted  by  H  , 
and  the  transition  frequencies  by  v^^,.  Then,  by  definition,  we  have 
for  the  mean  square  of  the  absorptlon-llne  frequency 


(5.11) 


\ 


I 


t 

1  ( 


This  expression  can  be  represented  In  the  form 

(.,t)  ==  _ 

k>sp(s,y 


(5.12) 


It  would  be  quite  hopeless  to  attempt  to  calculate  the  eigenval¬ 
ues  of  H^,  for  their  number  Is  conparable  with  the  number  of  atoms  In 
the  crystal.  The  great  advantage  of  formula  (5.12)  lies  In  the  fact 
that  It  contains  only  the  diagonal  sums,  the  Invariance  of  which  makes 
It  possible  to  carry  out  the  calculations  In  an  arbitrary  representa¬ 
tion.  The  sln^ilest  obviously  will  be  a  representation  In  which  the 
spatial  quantization  Is  carried  out  for  each  spin  separately.  After 
calculating  the  traces  of  the  matrices  contained  In  (5.12),  we  find 
that  the  second  moment  of  the  absorption  line  Is 

=  1)*,  (5. 13) 


where  k  niunbers  all  the  magnetic  particles  of  the  lattice,  and  the  In¬ 
dex  1  pertains  to  a  certain  atom  which  Is  chosen  as  the  reference  point 


for  the  calculations.  For  a  crystalline  powder  we  have 

Af,==4^‘p‘A-*5(5+i)2'T*'- 


(5.14) 
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For  a  simple  cubic  lattice,  with  a  constant  equal  to  d,  we  obtain 

^nV—S.srf-*.  (5.15) 

* 

If  the  quantvun  mechanical  calculations  are  replaced  by  the  mag¬ 
netostatic  calculations  and  the  Influence  of  the  broadening  mechanism 
which  we  have  called  dynamic  Is  thereby  discarded,  then  we  obtain  for 
Mg  the  same  expression  (5«13)*  reduced  by  a  factor  9/4.  This  reduced 
value  should  be  used  only  when  we  deal  with  the  broadening  due  to  the 
Interaction  between  dipoles  of  different  sorts,  for  example  of  para- 
meignetlc  atoms  with  nuclear  spins  of  surrounding  diamagnetic  particles. 
Thus,  If  we  have  magnetic  particles  of  two  sorts  with  spins  S  and  S' 
and  spectroscoplc-spllttlng  factors  jg  and  g',  then  the  second  moment 
of  the  resonance  line  produced  by  the  particles  of  the  first  sort  will 
consist  of  (5.13)  and  the  following  expression: 

Afa  =  — 0*.  (5.l6) 

where  the  Index  1  pertains  to  some  particle  of  the  first  sort,  which 
Is  chosen  to  be  the  reference  for  the  calculations,  and  J  numbers  the 
particles  of  the  second  sort.  If  g'  =  g,  then  these  fomnulas  are  not 
suitable,  for  now  the  resonance  lines  produced  by  the  particles  of  the 
different  sorts  coalesce  Into  one.  This  case  was  considered  In  [11]. 

Van  Vleck  also  calculated  the  second  moment  Mg  of  the  absorption 
cvirve  which  Includes  not  only  the  fundamental  line,  but  also  the  sup¬ 
plementary  lines  at  frequencies  0,  2g3HQ,  and  3gpHQ.  It  t\irned  out  that 

A* 

Mg  =  10/3Mg,  and  that  this  relation,  as  was  already  pointed  out  by 
Broer  [9],  Is  Independent  of  Hq,  since  the  heights  of  the  supplementary 
absorption  curves  are  Inversely  proportional  to  Hq,  whereas  the  fre¬ 
quencies  are  approximately  linear  In  Hq. 

Let  us  tvirn  to  an  examination  of  the  fundamental  paramagnetic  res- 
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onance  line.  It  Is  seen  from  (5*13)  that  the  Isotropic  exchange  forces 
do  not  affect  the  value  of  the  second  moment  of  the  absorption  line  at 
all.  Therefore,  In  order  to  evaluate  the  Influence  of  the  exchange 
forces  on  the  line  shape  It  Is  necessary  to  make  use  of  higher  moments. 
The  foiirth  moment  was  calculated  In  the  same  paper  of  Van  Vleck,  while 
the  sixth  moment  was  calculated  later  by  Glebashev  [12].  We  note  that 
the  odd  moments  vanish  and  consequently  the  absorption  line  Is  symmet¬ 
rical.  Calculations  have  shown  that  In  case  of  pvire  dipole  Interac¬ 
tions  the  ratios  of  the  moments  are  close  to  the  values  obtained  for 
the  Gaussian  function,  namely:  =  1.57!l»32:l.  If  the 

l/ii 

exchange  Interactions  predominate  over  the  dipole  ones,  then  : 

l/p 

tMg'  »  1  and  consequently  the  line  assumes  a  Lorentzlan  form.  Inso¬ 
far  as  the  area  of  the  absorption  curve  and  Its  second  moment  do  not 
contain  exchange  Integrals,  we  can  conclude  that  the  absorption  line 
becomes  narrower  In  the  center  and  becomes  accordingly  less  steep  on 
the  edges. 

This  narrowing  down  of  the  lines  under  the  Influence  of  the  ex¬ 
change  forces,  which  was  noted  already  In  [13,  1^]  Is  the  consequence 
of  the  assumptions  on  which  the  Van  Vleck  theory  Is  based,  and  which 
cannot  be  accepted  In  many  cases  for  real  crystals. 

The  theory  of  dipole  broadening  as  developed  by  Van  Vleck  was  ex¬ 
tended  by  Klttel  and  Abrahams  [15]  to  the  case  of  solid  paramagnetic 
solutions.  It  was  fo\uid  that  If  the  concentration  of  the  paramagnetic 
atoms  Is  f  >  0.1,  then  the  line  retains  a  Gaussian  form  and  Its  width 
Is  proportional  to  VF,  on  the  other  hand.  If  f  <  0.01,  then  the  line 
shape  becomes  Lorentzlan,  and  the  width  Is  proportional  to  f .  Glebashev 
[16]  generalized  these  calculations,  taking  also  account  of  the  Influ¬ 
ence  of  exchange  Isotropic  forces. 

3.  The  assumption  that  the  paramagnetism  has  a  purely  spin  nature 


greatly  limits  the  applicability  of  Van  Vleck's  theory.  In  fact,  if 
the  effective  spin  Is  S'  >  1/2  then  there  are  always  small  splittings 
of  the  spin  levels  by  the  electric  field  of  the  crystal.  On  the  other 
hand.  If  S'  =  1/2,  then  the  Influence  of  the  crystalline  field  is 
still  felt  and  the  ^  factor  becomes  anisotropic. 

Pryce  and  Stevens  [17]  generalized  Van  Vleck's  theory  and  pointed 
out  methods  of  calculating  the  moments  of  curves  for  a  great  variety 
of  cases.  The  general  calculation  method  consists  In  the  following. 

The  Hamiltonian  of  the  spin  system  Is  represented  in  the  form 

(5.17) 

A 

Where  the  principal  part  of  the  Hamiltonian  Hq  determines  the  energy 
levels  the  transitions  between  which  produce  Individual  lines  of  the 
paramagnetic  resonance  spectrvim,  while  the  perturbation  W  serves  as 
the  cause  of  broadening  of  these  lines.  Expressions  of  the  type  (5.12) 
are  then  set  up  for  the  calculation  of  the  moments  of  the  line.  In  or¬ 
der  to  separate  only  the  absorption  line  of  Interest  to  us,  the  opera- 

A  ^ 

4  A 

tors  W  and  S„  are  so  cut  off  as  to  make  the  cut-off  operator  W  com- 

*  A 

mute  with  and  the  cut-off  operator  contains  only  nondiagonal 
matrix  elements,  which  ensure  the  necessary  quantum  transitions.  The 
matrices  W  and  S„  are  cut  off  either  with  the  aid  of  the  corresponding 

A 

projection  matrices,  as  was  proposed  by  Pryce  and  Stevens  [17],  or  by 
directly  crossing  out  the  unneeded  matrix  elements. 

The  following  cases  are  considered  In  [17 Is  l)  there  Is  one  sort 
of  particles,  all  the  energy  intervals  of  which  are  different  In  the 
unperturbed  state;  2)  the  particles  In  the  unperturbed  state  have  co¬ 
inciding  or  nearly  degenerate  levels;  3)  there  eo'e  two  sorts  of  par¬ 
ticles;  4)  there  exists  a  hyperflne  structure  of  the  energy  levels  of 
the  particles.  In  addition,  Pryce  and  Stevens  considered  the  question 
of  the  dependence  of  the  absorption  line  width  on  the  temperature  and 
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on  the  form  of  the  crystal.  The  pertvirbatlon  usually  has  a  two-partlcle 

A  A 

character  and  can  be  reprebcnted  In  the  form  W  =  Z  The  resulting 

,  1,J 

second  moment,  expanded  In  powers  of  l/kT,  is 

•  (5.18) 

i.j  i./ 

where  aQ  and  a^^  are  certain  quantities  Independent  of  W  and  T.  By  vir¬ 
tue  of  the  fact  that  Wjj^  decreases  at  least  as  fast  as  we  can 

carry  out  for  the  temperature-independent  part  of  the  moment  Mg  the 
following  transformation: 

Y\(\v,j)\^r=N2\(w,j)\\  (5.19) 

u  J 

It  Is  Immaterial  whether  the  particle  1,  chosen  as  the  reference  for 
the  calculations,  is  located  at  the  center  of  the  crystal  or  near  Its 
boundary.  The  transformation  (5.19)  cannot  be  applied  to  that  part  of 
the  moment  which  Is  proportional  to  l/kT,  since  decreases  slowly 
with  Increasing  r^j.  As  a  result  the  paramagnetic  resonance  line 
should  shift  near  the  Curie  point,  and  the  line  width  will  depend  on 
the  temperature  and  on  the  form  of  the  crystal.  Prom  the  microscopic 
point  of  view  It  can  be  stated  that  the  factor  of  demagnetization  of 
the  Investigated  specimen  becomes  essential  near  the  Cvirle  point.  CJle- 
bashev  [l8]  made  detailed  calculations  of  the  dependence  of  the  moments 
of  the  resonance  line  on  the  temperature.  At  sufficiently  low  tempera¬ 
tures  the  paramagnetic  resonance  lines  will  become  asymmetrical  and 
their  width  will  change. 

4.  Ishlgixro,  Kambe,  and  Usui  [19]  calculated  Mg  for  nlclcel  fluoro- 
slllcate,  which  has  only  one  magnetic  Ion  per  crystal  cell.  The  prin¬ 
cipal  Hamiltonian  has  the  form 

( 5 . 20 ) 
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The  spin  level  scheme  for  the  Individual  particle  was  shown  In  Pig. 
3.2.  If  the  field  Hq  Is  parallel  to  the  hexagonal  axis  of  the  crystal 
(the  Z  sucls)  we  have  for  both  lines  — 1  -►  0  and  0  -►  1 


irMi = 2’  +T^  <>/*  - 1)’]  •  (5.21) 

For  the  case  Hq  ±  Z,  this  same  formula  will  hold  true  If  we  assume 
gpHo  »  D.  Calculation  of  the  lattice  s\jms  yields 

=  WJ|Z; =  +  H»±Z.  (5.22) 


Prom  a  comparison  with  experiment  [20]  we  can  estimate  the  value  of 
the  exchange  coefficient  |A|  =  0.027  cm“  . 

Griffiths  and  Owen  [21]  observed  a  discrepancy  between  their  meas¬ 
urements  of  the  line  shape  of  Tutton's  salts  of  nickel  and  the  theory 
of  Ishlgxiro,  Kambe,  and  Usui.  Stevens  [22]  made  detailed  calculations 
and  showed  that  the  discrepancies  are  due,  first,  to  the  presence  of 
two  nonequivalent  paramagnetic  Ions  per  crystal  cell  In  Tutton's  salts, 
and  second  to  the  more  complicated  form  of  the  spin  Hamiltonian,  vfhlch 
contains  the  additional  term  E(s3  —  §3).  Prom  a  coniparison  with  the 

X  y 

A# 

experimental  data,  Stevens  estimated  the  exchange  coefficient  at  A  = 

=  —0,026  cm“^. 

Kambe  and  Ollom  [23]  calculated  the  second  moment  of  the  central 
paramagnetic  resonance  line  ( transition —1/2 -►  1/2)  for  half- integer 
particle  spin  S.  Because  of  the  action  of  the  crystalline  field,  other 
transitions  give  lines  at  different  frequencies  and  are  not  considered 
In  this  work. 

a)  If  all  the  particles  are  equivalent,  then 


h*Mi 
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(5.23) 


'in 


'Jk 


1) 


■'J(S  fo 
a 


i-s*(S4-i)'+4s(S+i)+^ 

2^S+T) 

xX’-|(3cosH,*. 

*  ' 


X 


t)’. 


b)  If  there  are  particles  of  a  different  sort  with  g-f actor  g' 
and  spin  S',  they  make  an  additional  contribution: 

A»Ali=l5'(5'-h  i)2[v  +  ^*  (J  -3 cos’ V)]*-  (5. 24) 

c)  If  there  are  several  nonequivalent  particles  of  one  and  the 
same  sort  In  the  crystal  cell,  then  the  Interaction  between  the  con¬ 
sidered  type  of  particles  with  the  other  nonequivalent  particles  gives 
an  additional  contribution  to  the  second  moment: 


h*Mi  =  [1 S  (S  +  1 )  -  j  (25  +  1 )  +  2  A),,  -f- 

4.[_2  5(54.i)  +  |(25+1)  +  ^?^]2V^;  X 
X(3cos«V-l)  +  [j5(5+l)  +  j(25+l)  +  i?^i^]  X 

x2ff(3cos*V-l)*. 


(5.25) 


If  we  denote  the  second  moment,  calculated  by  formula  (5.13), 
which  is  valid  In  the  absence  of  crystalline  splittings,  by  M*2,  then 
we  obtain  for  purely  dipole  Interactions: 


At. 

Mt 

'  . 

M\ 

M* 

1 

2 

1 

1 

3 

9 

4 

2 

10 

5 

5 

107 

257 

2 

105 

315 

7 

881 

lOi 

2 

756 

189 

Abrageun  and  Kambe  [24]  calculated  the  dipole  broadening  of  the 
resonance  line  due  to  transitions  between  energy  sublevels  arising  In 
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the  electric  field  of  the  crystal.  If  the  external  magnetic  field  Is 
eq\ial  to  zero.  The  following  asstamptlons  were  made  there:  a)  the  spin 
Is  S  =  1  or  3/2;  b)  the  crystalline  field  has  axial  symmetry;  c)  the 
symmetry  axis  Is  the  same  for  all  particles.  The  following  expressions 
were  obtained  for  the  second  moment  of  the  resonance  lines: 


X  [5  ( 1  -  +  ( 1  - 1**)’  -  2  ( 1  -  3Tf W  (aj*  _  p)»)]. 

C _ A*  Af,  —  V  8  V 

k 

X  [207  (1  -  37;%)’  +  1512  (I  3:}*)  +  459  (1  -  if)*)'  — 

-  108(1  ~37>)(aJ*-p5*)]. 


(5.26) 


where  and  y are  the  direction  cosines  of  the  radius  vector 

rjjj.  If  the  Z  axis  Is  taken  to  be  the  symmetry  axis  of  the  crystalline 
field.  For  a  cubic  lattice  with  an  electric  field  parallel  to  one  of 
the  axes 


i=l:  .M.  =  28.4f,2:-,  i  =  i:  A(,=60,o||i.  (5.27) 

Calculations  were  also  made  for  the  broadening  due  to  the  pres¬ 
ence  of  "nonresonant"  particles  (particles  of  the  second  sort,  not 
participating  In  the  production  of  the  resonance  line). 

5.  In  all  the  Investigations  which  we  have  Just  considered,  where 
the  existence  of  energy  splittings  due  to  the  electric  field  of  the 
crystals  was  taken  Into  account.  It  was  assumed  that  the  action  of  the 
crystalline  field  Is  much  stronger  than  the  dipole  and  exchange  Inter¬ 
actions.  If  this  Is  not  so,  then  the  appearance  of  the  resonance  lines 
becomes  possible  If  the  external  magnetic  field  causes  splittings  that 
are  much  larger  than  the  crystalline  ones.  In  this  case  the  Hamiltonian 
term  that  takes  Into  account  the  influence  of  the  crystalline  field 
should  be  transferred  from  the  main  part  Hq  into  the  "pertvirbed"  part 

A 

W.  The  crystalline  field  will  participate  In  the  broadening  of  the  res¬ 
onance  line  along  with  the  dipole  and  the  exchange  Interactions.  This 
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case  was  considered  by  Berson  [25],  who  proposed  that  the  action  of  the 
crystalline  field  can  be  represented  by  an  axlally-syrametrlcal  Hamll- 

O  ii 

tonlan  ES„  +  PS„.  Calculations  have  shown  that  the  second  moment  Is 
z  z 

equal  to 

1 145(S-f  1)  -  3|  4- 1(48  1)»  -  765(5+ 1)+ 30]  £F+ 

+  iJjl'Sn.S-'CS’  j-  If  ^-•’f)85’{5+  If +  3365(5+  1)—  135]F*.  (5.28) 

Here,  as  In  the  case  considered  by  Van  Vleclc,  the  second  moment  Is  In¬ 
dependent  of  the  Isotropic  exchange  Interactions. 

6.  In  many  crystals  the  paramagnetic  Ions  of  which  contain  an  odd 
number  of  electrons,  the  groiind  level  of  these  Ions  Is  a  Kramers  doub¬ 
let.  Among  substances  of  this  type  are  the  Investigated  salts  of  rare- 
earth  elements,  many  salts  of  the  Iron-group  elements,  etc.  In  spite 
of  the  fact  that  In  all  these  cases  the  ground  level  can  be  character¬ 
ized  by  an  effective  spin  S'  =  1/2,  nonetheless  the  Van  Vleck  theory 
Is  unsuitable  here,  too.  The  electric  field  of  the  crystal  cannot  split 
a  level  with  S'  =  1/2,  but  It  can  give  rise  to  a  strong  anisotropy  of 
the  £  factor. 

Kopvlllem  [26]  calculated  the  second  moment  of  the  resonance  line 
for  this  case  under  the  following  assvonptlons:  a)  the  crystal  tempera¬ 
ture  Is  BO  low  that  only  the  lowest  Kramers  doublet  Is  populated;  b) 
all  the  paramagnetic  Ions  are  equivalent  and  conseqfuently  have  the 
same  g-tensor.  Since  the  spin-lattice  Interactions  are  for  the  most 
part  very  strong  In  paramagnets  of  this  type  and  the  observations  of 
paramagnetic  resonance  must  be  made  at  low  tenperatures,  the  dependence 
of  the  line  shape  on  the  tenperature  can  therefore  be  of  Importance 
and  was  consequently  taken  Into  account  In  the  calculations  of  the 
(  moment  Mg* 

The  calculations  have  shown  the  following:  a)  the  line  width  de- 
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pends  on  the  direction  of  the  static  magnetic  field;  b)  the  Isotropic 


exchange  forces  Influence  the  value  of  Mg*  and  consequently  the  ex¬ 
change  Interactions  generally  speaking  Increase  the  width  of  the  reso¬ 
nance  line;  this  broadening  Is  different  for  different  magnetic  field 
directions;  c)  the  line  width  due  to  the  dipole  Interactions  decreases 
with  decreasing  temperature.  The  magnitude  of  the  second  moment  due  to 
the  dipole  Interactions  was  found  to  be 

Ij  H + V  ^ X 

X  (I  +  2^'"  +  i  +  B<^)  (1  +  3.">)} . 

- -  3cos*  a  = 


III: 


(5.29) 


(a) 

where  x*  and  z  are  the  principal  axes  of  the  £  tensor,  the 

angle  between  r^j  and  the  a  axis.  Calculation  of  the  lattice  svuns 
gives,  for  exan^le  for  ethyl  sulfates  of  rare  earths  and  for  a  field 
Hq  parallel  to  the  crystal  symmetry  axis. 


M,  =  G6.73  p’  [( 1  +  f"*)  a‘|-'  [e”  (x*  +  3x*  +  2)  + 

Sf 


(5.30) 


where  a  Is  the  larger  side  of  the  ethyl  sulfate  elementary  cell.  Kop- 
vlllem's  calculations  were  further  developed  In  [ll4]. 

7.  If  the  exchange  Interactions  are  sufficiently  strong,  they  In¬ 
fluence  not  only  the  paramagnetic  resonance  line  widths,  but  can  also 
change  the  line  positions.  One  such  case  was  experimentally  Investi¬ 
gated  by  Bagley  and  Griffiths  [27]  In  the  salt  CuSOj^.SHgO.  The  crys¬ 
tal  cell  of  this  substance  of  this  substance  contains  two  Ions  with 
different  magnetic  axes.  Two  resonance  lines  of  approximate  width  115 
oersted  were  therefore  observed  with  the  aid  of  a  radio  frequency 
field  at  a  wavelength  X  =  0.85  cm.  Were  we  to  have  X  =  3  cm,  then  these 
lines  would  be  approximately  500  oersted  apart,  but  experience  has 
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shown  that  they  coalesce  Into  a  single  line.  A  theoretical  explanation 
of  this  fact  was  presented  by  Pryce  [28].  The  Hamiltonian  of  the  spin 
'  system  has  the  form 

(5.31) 

where  S'  and  S"  are  the  total  spins  of  all  particles  of  the  first  and 
second  kind,  and  g'  and  g"  are  the  corresponding  ^  tensors.  For  sim¬ 
plicity  no  account  was  taken  here  of  the  dipole  Interaction.  Formula 
(5*31)  can  be  represented  In  the  form 

+  .  (5.31a) 

Were  there  no  "perturbation"  W,  then.  In  view  of  the  fact  that  both 

A 

terms  of  Hq  commute  with  each  other,  a  transverse  radio  frequency 
field  should  give  rise  to  transitions  between  states,  for  which  the 
components  of  the  total  spin  S'  +  S"  In  the  direction  (g'  +  g")HQ  dif¬ 
fer  by  unity,  and  the  exchange  energy  Is  conserved.  The  result  should 
be  one  sharp  absorption  line.  The  pertircbation  W  changes  the  Inter¬ 
vals  between  the  unity  levels,  the  transitions  between  which  are  al¬ 
lowed  by  the  selection  rules.  The  line  broadens.  In  addition,  the  per¬ 
turbation  causes  overlapping  of  the  wave  functions  pertaining  to  dif¬ 
ferent  exchange -energy  levels,  and  consequently  the  selection  rules 
change  together  with  the  line  shape.  At  higher  frequencies,  at  large 

A 

fields  Hq,  the  value  of  W  can  no  longer  be  regarded  as  a  pertvirbatlon, 
for  It  becomes  con?)arable  with  the  exchange  energy.  It  Is  easy  to  Im¬ 
agine  that  two  absorption  peaks  can  appear  vinder  such  conditions. 

A  second  example  of  the  Influence  of  exchange  Interactions  on  the 
form  of  the  spectrxmi  is  the  reduction  In  the  hyperflne  splittings  of 
f'  the  resonance  lines,  occurring  under  the  Influence  of  the  exchange 

forces.  Assume  that  the  Interaction  of  the  magnetic  moments  of  the  nu- 
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cleus  and  of  the  electron  shell  Is  characterized  by  an  Isotropic  hy- 
perfine  structure  constant  A.  If  we  disregard  the  nuclear  spin,  we  can 
assume  for  simplicity  that  all  the  paramagnetic  atoms  precess  about 
the  external  magnetic  field  with  one  and  the  same  Larmor  frequency. 
Because  of  the  Interaction  between  the  electron  and  nuclear  moments, 
different  atoms  will  have  one  of  the  21+1  precession  frequencies, 
which  differ  by  small  amounts  on  the  order  of  A/h,  with  equal  proba¬ 
bility.  Let  the  period  of  the  exchange  be  t  =  h/j  (J  Is  the  exchange 
Integral).  If  t  »  h/A,  then  the  precession  will  change  during  the 
course  of  the  exchange  by  an  amoxint  -A/hj  if  on  the  other  hand  t  <  h/A, 
then  all  these  changes  will  average  out  and  the  Individual  peaks  of 
the  hyperflne  structure  will  coalesce  Into  a  single  line.  Consequently, 
the  reduction  In  the  hyperflne  splitting  can  be  expected  only  when 
J  >  A.  These  arguments  can  be  qxmlltatlvely  confirmed  by  the  method  of 
moments.  The  Hamiltonian  of  the  spin  system  can  be  written  In  the  form 


!  J."  / 

The  first  term  denotes  here  the  Zeeman  energy,  the  second  the  exchange 
Interactions,  and  the  third  the  magnetic  Interactions  of  the  nuclei 
and  the  electrons.  Calculations  made  by  Van  Vlrlngen  [29]  have  led  to 
the  following  expressions  for  the  second  and  fourth  moments  of  the  res¬ 
onance  line: 


rMV(/+i). 

Af*=/, ‘/(/+i){i[/(/+0— j]  A‘+ 


(5.32) 


The  exchange  forces  do  not  enter  Into  Mg,  but  they  do  Increase  We 
can  conclude  from  this  that  the  exchange  Interactions  shift  the  absorp¬ 
tion  from  the  center  of  the  spectnun  to  Its  edges.  This  redistribution 
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of  the  intensities  of  the  different  parts  of  the  spectrum  can  occur  in 
two  ways:  l)  the  Intervals  between  the  hyperflne  congjonents  are  de- 

( 

creased  and  the  absorption  is  Increased  on  the  curves  of  the  entire 
spectrum;  2)  the  Intervals  between  the  hyperflne  components  remain  un¬ 
changed,  but  each  line  becomes  narrower  at  the  center  and  broader  at 
the  skirts.  It  was  shown  by  the  method  of  random  functions  that  the 
first  possibility  Is  realized. 

8.  In  most  cases  It  Is  possible  to  calculate  only  the  second  mo¬ 
ment  of  the  absorption  line,  while  calculations  of  the  higher  moments 
are  exceedingly  difficult.  The  Information  obtained  on  the  paramagnetic 
resonauice  line  shape  by  the  moment  method  Is  therefore  Inadequate.  An¬ 
derson  and  Weiss  [30]  proposed  to  use  the  method  of  random  functions 
so  as  to  obtain  more  detailed  Information  on  the  absorption  line 
shapes,  particularly  the  exchange  narrowing  of  these  lines.  This  idea 
was  developed  In  the  papers  by  Anderson  [31],  Kubo  and  Tomlta  [32], 
and  others.  Since  we  are  unable  to  describe  In  detail  the  results  of 
all  these  Investigations,  we  shall  stop  to  discuss  only  the  principal 
Idea  and  the  most  Important  applications. 

The  narrowing  down  of  the  resonance  line  under  the  Influence  of 
the  exchange  forces  can  be  visualized  as  being  the  consequence  of  fre¬ 
quency  modulation  of  the  processional  motion  of  the  indlvldvial  mag¬ 
netic  dipoles.  How  frequency  modulation  acts  on  the  width  of  a  reso¬ 
nance  line  Is  best  luiderstood  from  the  following  example,  which  was 
analyzed  In  [33,  31].  Let  vis  consider  an  oscillator  which  Is  subjected 
to  random  collisions.  Let  the  average  time  Interval  between  two  col¬ 
lisions  be  T.  We  assume  that  the  oscillator  has  two  different  natural 
frequencies,  v-j^  and  Vg*  Assvime  that  after  each  collision  the  oscllla- 
tor  changes  Its  frequency,  going  over  from  v,  to  and  back.  If  the 
oscillator  "suffers  from  complete  lack  of  memory"  and  Its  state  prior 
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to  collision  does  not  Influence  at  all  the  subsequent  motion,  then  the 
form  function  Is 


L 

2n 


J 

2bt 


l_ 


(5.33a) 


A  more  complicated  form  function  Is  obtained  In  the  case  of  "good  mem¬ 
ory.  "  If  only  the  oscillator  frequency  changes  after  the  collision, 
while  Its  position  and  velocity  are  conserved,  then 


where 


gi-'h 


V* 

2«t 


'•c  =  y  (vi  +  '>>),  1m  ~  y  (■'I  -  '’*)• 


(5.33b) 


In  the  case  of  (5.33a),  the  Intensity  under  resonant  conditions 

Is  proportional  to  t,  and  consequently  both  resonant  lines  spread  out 

with  decreasing  t,  and  finally,  when  t  «  1/27tv^  they  merge  Into  one 

broad  line  with  resonant  frequency  v..  In  the  case  (5.33b),  If  v  ==  v„, 

c  c 

the  Intensity  Is  proportional  to  1/t,  and  therefore  both  resonant 
peaks  merge  at  sufficiently  small  values  of  t  Into  one  line,  which  be¬ 
comes  narrower  with  decreasing  t.  An  Illustration  of  the  foregoing  Is 
seen  In  Fig.  5.1. 

In  a  paramagnetic  crystal  the  precession  frequency  of  the  mag¬ 
netic  moment  Is  Vq  +  v ' ,  where  Vq  Is  determined  by  the  externally  ap¬ 
plied  static  magnetic  field,  and  v'  Is  determined  by  the  Internal  lo¬ 
cal  fields.  It  can  be  assxuied  that  the  frequencies  v'  have  a  Qausslan 

p  p 

distribution.  We  denote  the  mean  value  of  (v')  by  v^.  Owing  to  ex- 
change  Interactions,  the  neighboring  particles  will  excheinge  frequen¬ 
cies,  In  the  mean,  after  time  intervals  1/v^  «  ^  concen¬ 

trate  ovir  attention  on  one  particle  only,  we  see  that  Its  precession 
frequency  will  be  constantly  subject  to  random  variations.  If  v,  »  v  , 
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Pig.  5.1.  Reduction  In  the 
width  of  the  oscillator  form 
fiinctlon  with  decreasing  col¬ 
lision  time  T.  It  Is  assumed 
that  the  oscillator  has  alter¬ 
nately  the  frequencies  and 

Vgi  and  retains  Its  previous 

velocity  and  position  after 
each  collision.  The  curves 
have  been  drawn  for  different 

values  of  t.  l)  t  =  10“^*^  sec; 

2)  T  =  0.5-10”^^'  sec;  3)  t  = 

=  10“^^  sec;  4)  T  =  0.5- 10"^^ 
sec.  A)  (in  relative  vinlts). 


this  frequency  modulation  can  appreciably  narrow  down  the  resonant  ab¬ 
sorption  line.  Calculation  shows  that  the  form  function  of  the  line 
can  be  written  as 


g  (>)  =  2V  I  —  '**)*  —  ''J"!  <^4 


(5.34) 


where 

n  =  J  (<— Oexp(— (5.34a) 

The  frequencies  Vp  and  can  be  determined  from  the  following  equa¬ 
tions: 


(5.35) 


For  a  simple  cubic  lattice  we  have 

=  ^5.36) 

Inasmuch  as  v,  »  v  ,  It  follows  from  (5.3^a)  that 

u  =  l/2t^.  If  V  -  Vq  »  v^, 
u  =  t/V]^,  If  V  -  Vq  «  V^. 

Substituting  in  (5.3^) ^  we  obtain  In  the  former  case 


and  In  the  latter  case 


(5.37a) 


S'M  =  -  (V_,,)i4-(v‘/v,)*  •  (5.37b) 

Thus,  In  the  case  of  strong  exchange  Interactions,  the  absorption 
line,  being  Lorentzlan  at  the  center,  assumes  on  its  skirts  a  Gaussian 
form,  thus  ensuring  that  Its  second  and  higher  moments  are  finite.  In 
place  of  the  formula  Av  =  2.35v  (see  (1.21)),  which  Is  valid  In  the 
case  of  pure  dipole  Interactions,  we  now  have 


(5.37c) 


It  must  be  noted  that  If  the  exchange  energy  Is  very  large,  so 
that  »  Vq,  then  the  value  of  Av  given  by  this  formula  should  be 
multiplied  by  10/3 .  The  reason  for  It  Is  that  the  cutoff  of  the  Hamil¬ 
tonian  carried  out  In  the  calculation  of  (5*13)  Is  no  longer  Justi¬ 
fied  here,  for  the  energy  difference  between  two  neighboring  Zeeman 
levels  hvQ  can  be  strongly  modified  by  the  exchange  energy.  Conse¬ 
quently,  the  alternating  magnetic  field  of  frequency  v  =  Vq  can  give 
rise  not  only  to  transitions  AM  =  +1,  but  also  transitions  such  as 

P 

AM  =  0,  +2,  +3.  Thus,  in  equating  to  the  second  moment  of  the  ab- 

tr 
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sorption  curve,  one  must  recognize  that  the  principal  resonance  line 
coalesces  with  Its  satellites.  Consequently, 

If  the  resonant  frequency  Vq  Is  Increased  eno\igh  to  make  Vo  »  vi 
observation  of  the  satellites  becomes  possible  and  the  factor  10/3  In 
the  formula  for  the  width  of  the  principal  line  must  be  discarded. 
§5.3.  Spin-Lattice  Interactions 

Before  we  start  to  consider  the  results  of  the  spin-lattice  Inter 
action  theory  In  different  types  of  Ionic  paramagnetic  crystals,  let 
us  dwell  on  some  general  problems. 

1.  Let  us  consider  some  pair  of  spin-system  energy  levels  and 
El  (E^  >  E^),  the  population  of  which  Is  assumed  to  be  Nj^  and  N^.  We 
denote  by  the  per-second  probability  of  transition  of  the  spin 

system  from  the  level  Ej^  to  the  level  E^  under  the  Influence  of  the 
lattice  vibrations.  The  condition  for  statistical  equlllbrlm  Is  the 
equation 

If  a  Boltzmann  distribution  can  be  assumed.  It  follows  that 


^lk~ 


(5.38) 


We  see  that  Aj^  >  This  clrcvunstance  plays  an  Important  role 

In  peiramagnetlc  resonance.  Let  the  oscillating  magnetic  field  of  reso- 

and  E^; 

the  probability  of  such  transitions  per  second  will  be  denoted  by  Pj^ 
(see  formulas  (1.3)  and  (1.4)).  Under  stationary  conditions  we  have 


nant  frequency  give  rise  to  transitions  between  the  levels  Ej^ 


(2!  2  "1"  *  (5.39) 


We  can  assume  with  great  degree  of  accuracy  that  Pj^  =  If  In  ad¬ 
dition  Aj^  =  A^j^,  then  and  no  paramagnetic  resonance  Is  pos- 
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Bible.  The  difference  Aj^  —  decreases  with  Increasing  temperature 
of  the  paramagnet,  and  consequently  the  resonant  paramagnetic  absorp¬ 
tion  decreases. 

We  have  seen  In  §5-1  that  under  certain  conditions  the  paramag¬ 
netic  resonance  line  width  Is  determined  by  the  spin-lattice  paramag¬ 
netic  relaxation  time  t.  If  the  energy  levels  and  the  transition 
probabilities  A^^  are  known,  then  this  time  can  be  calculated  by  means 
of  the  following  formula  [3^]: 


2 


(5.40) 


where  Is  the  number  of  all  possible  states  of  the  spin  system.  For¬ 
mula  (5.40)  has  been  derived  under  the  assumption  that  |e^  —  Ej^|  «  kff 
Is  valid  for  all  1  and  k.  It  follows  from  (5.4o)  that  If  we  choose  as 
the  "spin  system"  a  single  particle  with  spin  S  =  1/2,  then  t  -  4ici/2. 

Paramagnetic  resonance  makes  It  possible  to  determine  the  transi¬ 
tion  probabilities  A^j^  by  the  saturation  method.  Experiments  of  this 
type  are  made  to  determine  the  saturation  factors 
pare  with  §1.3 where  n^^  Is  the  difference  In  the  populations  of  the 
energy  levels  E^^  and  Ej^,  If  the  paramagnet  Is  In  thermodynamic  equi¬ 
librium  state,  and  n^j^  is  the  same  quantity  under  saturation  condi¬ 
tions.  The  saturation  factors  q^j^  can  be  readily  expressed  In  terms  of 
the  transition  probabilities  A^^j^  and  p^j^,  by  setting  up  equations  of 
the  type  (5.39)  for  each  spin  level  of  the  paramagnetic  particle.  If 
all  the  Intervals  between  these  levels  are  different,  and  the  resonance 
Is  observed  as  a  result  of  transitions  between  the  levels  E-j^  and  Eg 
under  the  Influence  of  a  radio  frequency  field,  then  It  Is  easy  to 
(  show  [35]  that 

(5.41) 
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where  the  quantity  which  Lloyd  and  Paloe  call  the  relaxation  proba¬ 
bility,  Is  equal  to 

^  (5.4la) 

*-• 


Here  Cgj^  Is  the  cofactor  of  the  elements  of  the  second  row  and  the 
second  column  of  the  following  matrix: 


1 


*-8  k-i 


^tm  +  ^tm' 


nm 


(5.4lb) 


1 

Ai, . —  2 

k 


The  experimental  conditions  are  frequency  adjusted  In  such  a  way  as  to 
make  q^g  =  1/2*  It  Is  directly  evident  from  (5.^1)  that  In  this  case 

“  Pl2‘ 

2.  For  reasons  stated  In  §5.1»  the  theory  of  spin-lattice  relax¬ 
ation  usually  deals  not  with  the  entire  spin  system  but  with  an  In¬ 
dividual  particle  Interacting  with  the  lattice  vibrations.  The  calcu¬ 
lation  of  the  transition  probabilities  between  the  energy  levels 
of  an  Individual  magnetic  particle  as  a  result  of  energy  exchange  with 
the  lattice  Is  made  by  the  pertvcrbatlon  method.  In  the  unperturbed 
state,  the  system  considered  by  us  consists  of  two  noninteracting 
parts:  a  paramagnetic  Ion  and  an  aggregate  of  oscillators,  which  rep¬ 
resent  the  elastic  vibrations  of  the  crystal.  Prom  among  all  the  Inter¬ 
actions  between  the  paramagnetic  Ion  euid  the  surroxmdlng  particles,  we 
are  Interested  In  those  that  depend  on  the  magnitude  of  Its  magnetic 
moment.  Under  the  Influence  of  the  lattice  vibrations,  the  magnitude 
of  these  Interactions  will  v€U*y.  This  variable  part  of  the  energy  of 
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the  bond  between  the  paramagnetic  Ion  and  Its  surrounding  does  Indeed 
yield  the  spin-lattice  Interaction  operator  H'.  We  can  then  use  the 
perturbation  theory  developed  In  the  theory  of  radiation  [36]. 

Energy  exchange  between  the  paramagnetic  Ion  and  the  lattice  vib¬ 
rations  under  the  influence  of  the  pertxirbatlon  H'  can  occvir  In  dlf- 
ferent  ways,  of  which  the  most  Important  are  the  direct  (single-phonon) 
processes  and  processes  of  combination  scattering  of  phonons  (two- 
phonon).  We  denote  the  difference  In  the  energies  of  any  two  states  of 
the  paramagnetic  ion  by  A  direct  process  consists  In  an  Increase 

(or  decrease)  of  the  Ion  energy  by  an  amo\int  E^j^  due  to  the  vanishing 
(or  occurrence)  of  one  quantimi  of  elastic  lattice  vibrations  (one  pho¬ 
non).  Of  all  the  lattice  oscillators,  the  only  ones  that  can  partici¬ 
pate  In  such  processes  are  those  whose  frequency  v  satisfies  the  con¬ 
dition 

(5.42) 


The  probability  that  the  paramagnetic  Ion  will  go  over  as  a  result  of 
the  direct  processes  from  level  E^  to  level  Ej^  Is 


(5.43) 


Here  Is  the  spectral  density  of  the  oscillators  with  frequency  v, 
and  is  the  matrix  element  of  the  spin  lattice  Interaction,  aver¬ 
aged  over  the  different  states  of  the  oscillators  that  satisfy  condi¬ 
tion  (5.42).  Frequently  the  matrix  element  relating  the  energy 

levels  E^  and  Ej^  turns  out  to  be  zero  In  first  approximation.  Higher 
approximations  are  then  used  and  Is  calculated  through  the  Inter¬ 
mediate  state  of  the  paramagnetic  particles. 

Combination  scattering  of  phonons  Is  a  process  consisting  of  an 
Increase  (or  a  decrease)  In  the  Ion  energy  by  an  amount  E^j^,  owing  to 
the  vanishing  of  an  elastic -oscillation  quant\im  of  frequency  v  and  the 
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occ\irrence  of  a  quantiun  of  frequency  v';  In  this  case,  obviously,  the 
following  condition  should  be  satisfied: 

=  (5.44) 

For  the  probability  of  transition  under  the  Influence  of  combination 
phonon  scattering  processes  we  have 


(5.45) 

It  Is  seen  from  (5.44)  and  (5.45)  that  elastic  lattice  vibrations  of 
all  frequencies  participate  In  combination  phonon  scattering  processes. 
Therefore,  In  spite  of  the  fact  that  the  combination  scattering  of 
phonons  is  a  second- order  process.  It  does  play  a  principal  role  In 
the  relaxation  mechanism  If  the  temperature  of  the  paramagnet  Is  rela¬ 
tively  high.  At  low  ten^jeratures,  the  principal  role  Is  assumed  by  the 
direct  processes. 

We  denote  the  quantity  averaged  over  different  values  of  1 

and  k,  by  A^,  while  the  averaged  value  of  A^^^  Is  denoted  Ag.  Prom 
(5*43)  and  (5.45)  we  obtain,  If  we  assume  that  «  M?, 

di=A’i— r,  (5.46) 


Here  p  Is  the  crystal  density,  T  Is  the  temperatvire,  v  the  average 
velocity  of  sound,  while  and  Kg  are  quantities  that  depend  on  the 
nature  of  the  relaxation  mechanism  and  on  the  energy  level  structure 
of  the  magnetic  particles,  and  consequently  also  on  the  applied  mag¬ 
netic  field  Hq.  By  we  denote 

M 

¥ 


7 


(5.47) 


where  B  Is  the  Debye  temperature.  This  Integral  can  be  calculated  from 
the  following  approximate  formulas  [37]: 


(5.48) 


HT'h 


I 


I  I 

^  («+l)(»i+2)r'(?7FI.,^ 


...](7-~9), 


(5.49) 

(5.50) 


The  value  of  n  Is  us;ially  6  or  8.  Therefore  the  relatively  weak  tem¬ 
perature  dependence  of  the  relaxation  time  when  T  »  0  becomes  very 
strong  when  T  «  0. 

3.  In  the  first  theory  of  paramagnetic  spin- lattice  relaxation, 
presented  by  Waller  [8],  It  was  assimied  that  the  reorientation  of  the 
atomic  spin  relative  to  the  external  magnetic  field  Hq  under  the  In¬ 
fluence  of  the  lattice  vibrations  Is  the  result  of  a  change  In  the  mag 
netlc  Interaction  of  the  spins,  brovight  about  by  these  oscillations. 
Waller's  calculations  lead,  however,  to  values  of  the  relaxation  time 
which  are  several  orders  of  magnitude  larger  than  the  experimental 
data.  A  particularly  sharp  discrepancy  between  theory  and  experiment 
was  observed  In  tltanlxan-ceslum  alums.  Kronlg  [38]  and  Van  Vleck  [37] 
therefore  proposed  a  different  relaxation  mechanism.  In  many  cases, 
however,  as  was  shown  by  Al'tshuler  [39 ]>  Waller's  mechanism  can  play 
a  principal  role. 

Waller's  calculations  were  made  for  a  paramagnet  whose  magnetic 
particles  have  a  spin  S  =  1/2.  Yet  the  probability  of  the  particle 
spin  reorientation  vinder  the  Influence  of  oscillations  of  the  magnetic 
forces  acting  on  It  Is  proportional  to  the  fourth  power  of  the  mag¬ 
netic  moment  of  the  particle.  In  addition,  this  probability  Is  In¬ 
versely  proportional  to  R^,  If  R  stands  for  the  equilibrium  distance 
between  two  neighboring  crystal  atoms  having  magnetic  moments.  Fre¬ 
quently  several  such  atoms  are  contained  In  a  single  crystalline  cell. 
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It  Is  easy  to  see  that  in  this  case  a  more  exact  result  will  be  ob¬ 
tained  If  R  Is  defined  not  as  the  average  distance  between  neighboring 
particles  with  magnetic  moments,  but  the  shortest  one.  It  Is  clear 
therefore  that  the  magnetic  forces  can  determine  the  spin-lattice  In¬ 
teraction  In  substances  with  large  atomic  magnetic  moments  and  with 
large  magnetic  particle  density.  Calculations  have  shown  that 

^‘  =  IF  1)(S+ 1)*.  (5.51) 

yt=^{^Js(2Si-lHS+l)\  /i  =  6.  ^5.52) 

Here  Z  Is  the  number  of  nearest  neighbors  of  the  particle.  It  should 
be  noted  that  Waller  considered  the  relaxation  due  to  the  spin  reori¬ 
entation  of  one  particle  under  the  Influence  of  the  lattice  vibrations 
under  the  condition  that  the  other  spins  conserve  their  directions. 
Yet,  as  can  be  seen  from  (5.10),  the  matrix  elements  of  the  spin- 
lattice  perturbation  differ  from  zero  even  In  the  case  of  simultaneous 
reorientation  of  the  spins  of  two  neighboring  particles.  For  this  case 
It  follows  from  the  calculations  that 

Ari=3.l6«*z(^)'(2S-f  «  =  (5.54) 


We  see  that  simultaneous  reorientations  of  the  spins  of  two  In¬ 
teracting  particles  Is  much  more  probable  than  the  change  In  spin  ori¬ 
entation  of  one  particle  alone. 

In  substances  with  large  magnetic  Ion  density,  exchange  forces 
assiune  appreciable  values.  The  energy  of  the  exchange  Interactions  has 
for  the  most  part  the  Isotropic  form  It  Is  an  Integral  of 

the  motion,  and  consequently  the  exchange  forces  cannot  cause.  In 
first  approximation,  a  transfer  of  energy  from  the  spins  to  the  lat¬ 
tice  vibrations.  On  the  other  hand.  If  the  exchange  forces  are  aniso¬ 
tropic,  the  magnitude  of  the  spin-lattice  Interactions  which  they  pro- 
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duce  has  the  same  order  as  In  the  case  of  magnetic  dipole  forces. 

4.  In  order  to  exjjlain  why  the  spin-lattice  interaction  is  very 
large  in  titanium-cesium  alums,  Kronig  [38]  proposed  the  following  re¬ 
laxation  mechanism.  The  elastic  vibrations  of  the  lattice  modulate  the 
electric  field  of  the  crystal,  and  this  causes  a  change  in  the  orbital 
motion  of  the  magnetic-ion  electrons.  The  action  Influences  the  elec¬ 
tron  spin  through  the  orbital  magnetic  moment.  This  mechanism  01'  spin- 
lattice  interaction  is  the  principal  one  for  the  majority  of  salts  in 
the  iron-group  elements,  in  spite  of  the  fact  that  the  orbital  motion 
is  "frozen"  in  these  salts.  Calculations  have  shown  that 

(r)  (a)  •  I  (5.55) 

Here  A  is  the  Interval  between  two  lower  orbital  sublevels,  arising  in 
the  electric  field  of  the  crystal,  r^  is  the  average  distance  from  the 
3d  electron  to  the  nucleus,  a  is  the  equilibrium  distance  from  the  cen¬ 
ter  of  the  magnetic  particle  to  the  nearest  diamagnetic  ion,  and  e'  is 
the  effective  charge  of  this  ion.  The  factor  (V^)^  appears  in  (5.55) 
because  changes  in  the  crystalline  electric  field  cannot  produce  di¬ 
rectly  a  reorientation  of  the  electron  spin,  and  acts  through  the  or¬ 
bital  momentum.  Since  the  orbital  motion  is  "frozen, "  the  matrix  ele¬ 
ment  of  the  spin-lattice  Interaction  differs  from  zero  in  the  higher 
approximations  of  pertiirbatlon  theory. 

It  is  therefore  clear  that  in  ionic  crystals  containing  the  iron 
group  elements  the  probabilities  of  relaxation  transitions  will  always 
be  Inversely  proportional  to  a  high  power  of  the  Interval  A.  It  is 
known  from  experiment  that  the  spin -lattice  relaxation  times  at  the 
same  temperature  can  differ  by  several  orders  of  magnitude  for  differ¬ 
ent  elements.  This  is  explained  principally  by  the  fact  that  the  In- 
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terval  A  can  change  on  going  from  one  Ion  to  another  from  about  10  to 
about  10^  cm"^.  In  particular,  far  the  tltanlvim  Ion  (see  §4.2)  we  have 
A  w  500  cm"^. 

An  analogous  but  more  complete  theory  of  spin-lattice  relaxation 
was  developed  by  Van  Vleck  [37]  Independently  of  Kronlg.  He  considered 
In  addition  to  titanium  salts  also  salts  containing  Cr^"^.  Unlike  the 
titanium  Ion,  the  simple  orbital  levels  of  which  are  Kramers  doublets. 
In  the  chromium  Ion  we  have  S  =  3/2,  and  consequently  the  simple  or¬ 
bital  level  breaks  up  Into  two  closely  located  Kramers  doiiblets,  the 
Interval  between  which  will  be  denoted  by  6.  The  expressions  for  t  ob¬ 
tained  by  Van  Vleck  are  very  cvimbersome.  The  principal  difference  be¬ 
tween  them  and  (5»55)  lies  In  the  following.  In  the  case  of  the  direct 

/  \4  2/444  222  2 

processes  (gpHQ)  Is  replaced  by  X  yg  3  Hq  +  c^6g  p  Hq  +  *  where 

c^  and  Cg  are  certain  numbers  on  the  order  of  unity.  In  the  expression 

p  p 

for  Kg  we  have  X^Jg  In  place  of  h  Jg. 

Bashkirov  [40]  calculated  the  spin-lattice  relaxation  time  for 

copper  salts,  the  electric  fields  of  which  have  tetragonal  symmetry. 

The  copper  Ion  Cu^"^,  like  the  Ion  Tl^^,  has  S  =  1/2.  However,  unlike 

the  titanium  salts,  the  matrix  element  of  the  spln-orblt  Interaction, 

which  relates  the  lowest  orbital  states.  Is  In  this  case  eqvial  to  zero. 

Therefore  In  place  of  one  Interval  A,  the  formula  for  the  relaxation 

time  contains  two  Intervals,  Aq  and  A,  where  Aq  Is  the  splitting  In 

the  field  produced  by  the  octahedron  of  the  water  molecules  surrovmd- 
2+ 

Ing  the  Cu  Ion,  and  A  Is  the  Interval  between  the  lowest  orbital  sub- 

levels,  arising  In  the  field  of  tetragonal  symmetry.  In  formulas  (5.55) 

-6  -2  -4 

It  Is  necessary  to  replace  A  by  Aq  A  . 

The  following  singularities  were  observed  eaqperlmentally  In  many 
copper  salts;  l)  the  spin- lattice  relaxation  time  at  room  ten?)erature 
depends  strongly  on  the  angle  between  the  field  Hq  and  the  tetragonal 


axis  of  the  crystal  [4l];  2)  the  paramagnetic  resonance  spectrum  In 
CuSO^i'SHgO  can  be  explained  by  assmnlng  the  constant  X  to  have  appre¬ 
ciable  anisotropy  [42].  If  the  constant  X  Is  replaced  by  a  tensor  with 
principal  values  XU,  Xj[^,  then  In  formula  (5«55)  ^  must  be  re¬ 
placed  by  l/2[x|  sln^  +  X^  (1  +  cos^  i>)].  If  we  take  for  Xjj  and  ^ 
the  values  assumed  In  [42],  we  obtain  good  agreement  with  the  measxjre- 
ments  of  [4l]. 

It  follows  from  Kramers 'theorem  that  the  spectra  of  Ions  with  an 

even  number  of  electrons  should  have  many  singularities.  Avvakumov 

[43 ]  undertook  detailed  theoretical  calculations  of  the  spin-lattice 

Interaction  for  crystals  with  such  Ions  Cr^'*',  Mn^'*’,  Fe^'*',  Nl^^). 

In  the  case  of  N1  ,  as  In  the  case  of  the  Cr-*  Investigated  by  Van 

Vleck,  the  lower  orbital  level  Is  simple  under  the  action  of  a  field 

4  -1 

of  cubic  symmetry.  Therefore  the  Interval  Is  A  «  10  cm  and  the  re¬ 
laxation  time  Is  relatively  large.  In  the  other  Ions  considered  by  Av¬ 
vakumov,  the  lower  orbital  level  Is  degenerate  under  the  action  of  a 
cubic  field,  and  therefore  A  denotes  the  Interval  between  sublevels 
produced  In  a  weak  field  of  low  symmetry.  Because  of  this,  the  relaxa¬ 
tion  time  of  salts  containing  these  Ions  turned  out  to  be  relatively 
short  and  observation  of  pareiraagnetlc  resonance  is  Impossible  at  room 
temperatures. 

If  the  relaxation  Is  due  to  the  combination  phonon  scattering 

processes,  then  the  temperature  dependence  of  t  Is  determined  by  the 

Integral  in  which  n  =  6  for  the  Cr^"^,  Mn^"^,  and  Nl^"^  Ions  and  n  =  8 

2+  S+ 

for  the  Fe  auid  Ions.  Calculations  have  disclosed  a  strong  de¬ 
pendence  of  the  relaxation  time  on  the  value  of  the  spin  S;  at  low  tern- 

IP  ft 

peratia?es  t  ~  S"  and  at  high  temperatures  t  ~  S"  .  A  noticeable  de¬ 
pendence  of  the  relaxation  time  on  the  angle  between  the  field  Hq  and 

the  axes  of  the  crystal  was  established  also  for  all  Ions,  except  Ni^'*'. 
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As  to  the  dependence  of  t  on  the  magnitude  of  the  field  Hq,  this  de¬ 
pendence  becomes  noticeable  If  >  6. 

5.  A  special  analysis  Is  necessary  for  Ions  In  the  S  state.  Al't- 

shuler  [39 using  the  salts  of  trlvalent  Iron  as  an  example,  consid¬ 
ered  relaxation  due  to  the  direct  processes.  Bashkirov  [44]  made  de¬ 
tailed  calculations  of  the  relaxation  which  Is  due  also  to  second- 
order  processes  for  the  Ions  Pe^"^,  Eu^'*’,  and  If  we  denote 

by  6  the  magnitude  of  the  total  splitting  of  the  spin  levels  by  the 
crystalline  field,  then  the  results  of  the  calculations  will  essen¬ 
tially  reduce  to  the  following: 

(5.56) 

Comparison  of  these  formulas  with  (5*52)  and  (5*53)  shows  that  Waller's 
mechanism  can  play  the  principal  role  when 

»<^(25+l)(5+lX  '  (5.57) 

This  Is  apparently  the  case  with  manganese  salts,  for  which  the  split¬ 
ting  6  Is  relatively  small. 

6.  The  theory  of  spin-lattice  relaxation  for  salts  of  the  rare 
earth  elements  was  given  by  Al'tshuler  [45]  with  the  cerium  Ion  as  an 
example;  It  was  assumed  there  that  the  crystalline  field  consists  of 
two  parts,  a  strong  field  of  cubic  symmetry  and  a  weak  field  of  lower 
symmetry.  Shekun  [46]  made  a  theoretical  analysis  of  relaxation  In 
ethyl  sulfates  of  different  rare  earth  elements.  We  recall  that  the 
crystalline  field  In  ethyl  sulfates  has  trigonal  symmetry. 

In  rare  earth  compounds,  the  lattice  vibrations,  by  changing  the 
crystalline  field,  can  directly  change  the  direction  of  the  moment  of 
the  peu^amagnetlc  Ion,  for  In  this  case  the  coupling  between  the  spin 
and  orbital  momenta  Is  stronger  than  the  action  of  the  electric  field 
of  the  crystal.  One  therefore  obtains  for  and  Kg  expressions  of  the 
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type  (5>55),  but  without  the  factor  (X/a)^.  Since  the  Interval  A  Is 
relatively  small  for  rare  earth  Ions,  on  the  order  of  10-100  cm“^,  the 
spin-lattice  Interaction  turns  out  to  be  very  strong.  In  spite  of  the 
fact  that  rQ  for  4f  electrons  Is  somewhat  smaller  than  for  the  valence 
electrons  of  the  Iron  group.  In  Ions  with  an  odd  niunber  of  f  electrons, 
the  spin-lattice  interaction  due  to  the  direct  processes  turns  out  to 
be  particularly  large  If  a  nonKramers  degeneracy  of  the  ground  level 
exists.  In  this  case  we  have 

(5-58) 

Here  the  matrix  element  of  the  spin- lattice  interaction  differs  from 
zero  even  In  the  first  approximation  of  perturbation  theory. 

7.  Great  Interest  Is  attached  to  an  e:q)lanatlon  of  how  the  spin- 
lattice  Interaction  Is  changed  If  the  concentration  of  the  paramagnetic 
particles  Is  decreased  by  Isomorphic ally  replacing  them  with  diamag¬ 
netic  Ions.  This  question  was  considered  theoretically  by  Kochelayev 
[112]. 

It  would  seem  at  first  glance  that  relaxation  due  to  the  Kronlg- 
Van  Vleck  mechanism  should  not  depend  on  the  concentration  of  the  para¬ 
magnetic  particles,  since  the  forces  bringing  about  the  spin-lattice 
coupling  are  determined  by  the  relative  displacement  of  the  paramag¬ 
netic  Ion  and  the  diamagnetic  atoms  surrounding  It.  Actvially,  however, 
an  appreciable  role  can  be  played  by  the  following  clrc\mistance:  prac¬ 
tically  any  specimen  contains  crystal-lattice  Imperfections,  on  which 
the  plane  Debye  waves  are  scattered. 

Under  the  influence  of  the  standing  plane  Debye  wave,  two  neigh¬ 
boring  atcmis  oscillate  with  amplitudes  whose  difference  Is  proportional 
to  the  frequency  v  of  the  elastic  oscillations.  Since  the  probability 
of  the  relaxation  transition  is  proportional  to  the  square  of  the  rela- 
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tlve  displacement  of  the  paramagnetic  Ion  and  of  the  neighboring  dia¬ 
magnetic  particle,  we  find  'n  the  case  of  direct  processes.  In  accord 
with  (5 •’^5)#  that  ~  E^.  After  the  Debye  wave  Is  scattered  by  the 
randomly  located  paramagnetic  center,  a  spherical  wave  Is  produced 
around  this  center,  with  an  Intensity  that  Increases  rapidly,  of 
course,  as  It  propagates.  Consequently,  two  neighboring  atoms  located 
at  distances  r^^  and  from  the  scattering  center  will  oscillate  with 
amplitudes  whose  difference  Is  proportional  to  (l/r^  -  l/rg).  In  spite 
of  the  fact  that  the  Intensity  of  the  scattered  waves  Is  much  smaller 
than  the  Intensity  of  the  plane  Debye  waves,  simple  calculation  shows 
that  over  a  wide  range  of  paramagnetic  particle  concentrations  and  at 
reasonable  values  of  the  defect  concentrations,  the  relaxation  due  to 
the  scattered  spherical  waves  plays  the  principal  role  If  the  ampli¬ 
tude  of  the  scattered  wave  Is  Independent  of  the  frequency.  Besides, 
whereas  In  accordance  with  the  ordinary  spin-lattice  relaxation  theory 
we  have  A^  ~  now,  by  virtue  of  the  fact  that  the  relative  dis¬ 

placement  of  the  neighboring  particles  Is  Independent  of  the  frequency 
V,  the  relaxation  probability  will  be  A^^  ~  Ej^  .  As  we  have  seen  above. 
In  many  cases  n  =  2,  and  consequently  the  dependence  of  the  probabil¬ 
ity  of  relaxation  transitions  between  spin  levels  Ej^  and  E^  on  the 
magnitude  of  the  Interval  Ej^  should  dlspppear.  V/hen  the  number  of  de¬ 
fects  In  the  crystal  Is  small  and  when  the  crystal  Is  strongly  diluted 
by  diamagnetic  Ions,  the  Kronig-Van  Vleck  relaxation  mechanism  will 
again  predominate. 

According  to  the  views  developed  here,  the  spin-lattice  Interac¬ 
tion  should  also  be  appreciably  influenced  by  such  crystal  lattice  Im¬ 
perfections,  whose  dimensions  are  comparable  with  the  length  of  the 
Incident  wave. 

The  theory  developed  here  Is  applicable  In  the  case  of  low  tem- 


-  239  - 


perattires,  when  the  relaxation  Is  due  to  sin¬ 
gle -phonon  processes.  At  high  temperatures, 
when  the  relaxation  Is  determined  by  two- 
phonon  processes,  the  principal  role  Is  as¬ 
sumed  by  the  phonons  with  high  frequencies  v, 
and  consequently  the  spin-lattice  Interaction 
due  to  the  waves  scattered  by  the  Imperfec¬ 
tions  ceases  to  predominate. 

8.  Akhlezer  and  Pomeranchuk  [47]  have 
considered  the  question  of  paramagnetic  re¬ 
laxation  at  super  low  frequencies  by  the  method  of  elementary  excita¬ 
tions.  They  have  proposed  that  the  paramagnet  Is  a  nonconducting  crys¬ 
tal  containing  Ions  with  an  odd  n\miber  of  electrons.  The  spin  system 
of  the  paramagnetic  crystal  has  a  spectrum  whose  form  Is  determined  by 
the  crystalline  electric  field  and  by  the  magnetic  and  exchange  Inter¬ 
actions  between  the  Individual  lattice  Ions.  Deviations  from  the  ground 
state  of  the  spin  system,  a  state  which  occtirs  when  T  =  0,  are  re¬ 
garded  as  an  assembly  of  elementary  excitations,  which,  as  In  the  case 
of  the  Bloch  model  of  the  ferromagnet,  propeigate  over  the  entire  crys¬ 
tal.  Each  elementary  excitation  represents  a  quaslpartlcle  which  can 
be  assigned  a  definite  energy  and  a  certain  quaslmomentvun.  The  calcu¬ 
lations  were  made  under  the  assumption  that  the  quaslpartlcles  obey 
the  Perml -Dirac  statistics.  Because  of  the  Interaction  between  the 
element2u?y  excitations  and  the  lattice  vibrations,  energy  Is  exchanged 
between  the  spin  system  and  the  lattice.  By  calculating  the  probabili¬ 
ties  of  the  collisions  of  the  quaslpartlcles  among  themselves  and  with 
the  phonons,  one  determines  the  amount  of  heat  Q  vdilch  Is  transferred 
per  unit  time  from  the  lattice  to  the  spin  system.  It  was  foxind  that 
Q  =  const  TgQ  (Tg/Pu^),  where  the  function  q(Tg/ri)  Is  Inversely  pro- 
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Pig.  5.2.  Scheme 
showing  the  transfer 
of  energy  to  the 
lattice  vibrations 
In  the  case  of 
strong  exchange  In¬ 
teractions.  1;  Zee- 
man;  2)  exchange;  3) 
lattice. 


portlonal  to  (T^/T^)”  when  «  T-j^  and  proportional  to  1  —  Tg/T^  when 
Tg  »  T^.  If  Initially  »  Tg  and  Tg  ~  10“^°K,  then,  as  shown  by  cal¬ 
culation,  the  time  after  which  and  Tg  differ  by  1^  does  not  exceed 
1  second. 

9.  If  the  exchange  Interactions  are  very  large  (anhydrous  para¬ 
magnetic  salts,  free  radicals,  ferrites),  then  It  is  necessary,  as 
shown  by  Blombergen  and  Weln  [48],  to  divide  the  spin  system  Into  two 
parts,  a  Zeeman  part  and  an  exchange  part. 

The  scheme  whereby  energy  Is  transferred  from  the  Z  system  to  the 
lattice  Is  shown  In  Pig.  5.2.  Each  of  the  three  subsystems  can  be  as¬ 
signed  a  certain  temperature.  Let  us  denote  the  temperature  of  the  Z 
system  by  Tj,,  the  temperature  of  the  Ex  system  by  Tg,  and  the  lattice 
temperature  as  before  by  T^^.  The  possibility  of  Introducing  separate 
concepts  of  Zeeman  and  exchange  temperatures  Is  connected  with  the 
fact  that  the  operators  of  Zeeman  energy  (5.6)  and  exchange  energy 
(5.8)  commute.  Therefore  changes  In  the  Zeeman  energy  can  occur  with¬ 
out  affecting  the  exchange  energy.  The  transfer  of  energy  from  the  Z 
system  to  the  Ex  system  Is  possible  because  of  the  existence  of  rela¬ 
tively  weak  magnetic  dipole  Interactions  which  do  not  commute  with 

and  H  _  • 

.  zeem  .  ohm 

It  can  be  assumed  that  direct  transfer  of  energy  from  the  Z  sys¬ 
tem  to  the  lattice  has  low  probability  and  consequently  the  relaxation 
time  Is  large  compared  with  the  times  T^g  and  Tg^^.  Let  us  denote 
by  a^g  and  Og^  the  corresponding  heat  conduction  coefficients,  and  by 
C_  and  C-  the  specific  heats  of  the  Z  and  Ex  systems.  To  ej^laln  the 

Z  6 

e^qjerlmental  data  It  becomes  necessary  to  assume  that  a^g  <  Og^^  and 
°z  «  ^e- 

Inasmuch  as  the  relaxation  time  Is  determined  by  the  ratio  of  the 


specific  heat  to  the  corresponding  heat  conduction  coefficient.  It 
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turns  out  that  <  r^j^.  Therefore  plays  the  role  of  the  spin- 
lattice  relaxation  time  for  ordinary  paramagnetic s.  It  Is  remarkable 
that  the  Independence  of  t„_  of  the  lattice  teinperatxire  Is  confirmed 
in  experiments  on  saturation.  Under  stationary  conditions  the  amount 
of  heat  transferred  from  the  Z  system  to  the  Ex  system  Is  equal  to  the 
heat  flowing  from  the  Ex  system  to  the  lattice,  l.e.,  ct_-(T_  —  T-)  = 

=  “eiCTg  —  Tj).  It  follows  therefore  that  is  much  closer  to  T^  than 
to  T^. 

§5.4.  Longitudinal  Relaxation  at  Low  Temperatures 

1.  It  follows  from  the  theory  of  spin-lattice  relaxation  due  to 
single-phonon  processes  (§5*3)  that  the  relaxation  time  t,  which  Is 
Inversely  proportional  to  the  temperature  T,  decreases  with  Increasing 
applied  field  Hq  and  Is  generally  speaking  Independent  of  the  concen¬ 
tration  of  the  paramagnetic  centers  and  of  the  crystal  dimensions.  Yet 
many  experiments  [49-53]  have  established  facts  that  are  In  direct 
contradiction  with  all  these  theoretical  conclusions.  Moreover,  It  was 
observed  that  In  place  of  one  time  It  becomes  necessary  sometimes  to 
Introduce  a  whole  set  of  relaxation  times.  In  spite  of  all  these  con¬ 
tradictions,  there  are  no  grounds  for  doubting  the  correctness  of  the 
theoretical  choice  of  the  mechanism  of  spin- lattice  Interaction.  At 
least  in  some  cases,  these  singularities  of  the  relaxation  occvucrlng 
at  helivun  tempera tvires  can  be  e^lalned  as  follows. 

In  the  analysis  of  relaxation  processes  It  Is  always  assumed  that 
the  lattice  vibrations  can  be  regarded  as  a  thermostat  In  which  the 
spin  system  Is  embedded.  The  specific  heat  of  the  spin  system  was  al¬ 
ways  considered  to  be  small  ccmpared  with  the  specific  heat  of  the  lat¬ 
tice.  Yet  If  the  tempera tvire  of  the  spin  system  is  higher  than  that  of 
the  lattice,  then  establishment  of  equilibrium  with  the  aid  of  single- 
phonon  processes  will  occur  by  exciting  oscillations  In  a  narrow  fre- 


quency  band,  satisfying  approximately  the  condition  (5.^^).  The  spe¬ 
cific  heat  of  these  low-frequency  lattice  oscillators,  which  are  in 
direct  contact  with  the  spin  system.  Is  low.  The  speed  with  which  the 
energy  acquired  by  these  "effective"  oscillators  Is  transferred  either 
to  the  oscillators  of  other  frequencies  or  to  the  helium  thermostat 
surrounding  the  crystal  la  therefore  Important.  Let  us  denote  the  tem¬ 
perature  of  the  spin  system  by  T„,  the  temperature  of  the  "effective" 
oscillators  by  and  the  thermostat  temperature  by  Tq.  If  the  energy 
transferred  to  the  "effective"  oscillators  Is  drawn  away  sufficiently 
rapidly  so  that  the  relation  —  Tq  holds  true  for  the  tem¬ 

perature  differences,  then  the  bottleneck  In  the  chain  linking  the 
spin  system  with  the  thermostat  will  be  the  contact  between  the  spin 
system  and  the  lattice,  and  consequently  the  longitudinal  relaxation 
time  T^  will  be  equal  to  the  time  r.  If  on  the  other  hand  the  station¬ 
ary  processes  of  striking  the  balance  between  the  spin  system  and  the 
thermostat  la  such  that  T^  —  T^  «  T^  ~  Tq,  then  along  with  the  spin- 
lattice  relaxation  time  x  it  is  necessary  to  introduce  a  time  charac¬ 
terizing  the  exchange  of  energy  between  the  "effective"  oscillators 
and  the  hellvun  thermostat  (or  with  the  oscillators  of  other  frequen¬ 
cies).  We  shall  denote  this  time  T^,  since  It  will  now  determine  the 
longitudinal  relaxation.  Inasmuch  as  »  x. 

2.  For  what  Is  to  follow,  it  Is  necessary  to  calculate  the  nvimber 
Nj  of  "effective"  oscillators  per  xinlt  volume.  Were  the  energy  spec- 
triAm  of  the  spins  and  lattice  oscillators  a  discrete  one,  then  the 
nximber  of  oscillators  participating  In  the  energy  exchange  between  the 
spins  and  the  lattice  would  be  Infinitesimally  small.  Actually,  how¬ 
ever,  owing  to  the  spin-spin  interactions  on  the  one  hand,  and  the 
(  finite  lifetime  of  the  oscillators  In  the  excited  state  on  the  other, 

the  energy  levels  become  broadened.  We  shall  see  that  the  most  appre- 
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clable  broadening  occxirs  In  the  vibrational  levels.  We  denote  by  2AVj^ 
the  frequency  Interval  of  the  oscillators  that  Interact  strongly  with 
distance.  In  accordance  with  the  usual  law  governing  the  distribution 
of  the  frequencies  of  elastic  lattice  vibrations,  we  can  assiaine  that 

The  value  of  can  be  estimated  In  the  following  fashion.  We  asstune 
for  simplicity  that  the  effective  spin  of  the  paramagnetic  particles 
Is  1/2.  Then,  according  to  (5*^0),  the  probability  per  unit  time  of 
transition  between  the  spin  energy  levels  under  the  Influence  of  the 
lattice  vibrations  Is  connected  with  the  time  t  by  the  relation  = 

=  1/2  t“^.  Each  of  the  Nq  spins  contained  per  unit  volume  can  exchange 
one  phonon  with  each  of  the  oscillators  within  a  time  2t.  Therefore 
the  oscillator  vibrations  will  be  Interrupted  In  the  mean  after  time 
intervals 

Since  AVjj  =  l/27rAt,  It  follows  from  (5.59)  that 

<5.60) 

By  way  of  an  example  let  us  assume  that  Nq  =  10^^  cm“^,  v  =  2*10^ 
cm/sec,  and  v  =  10^®  cps,  and  2t  =  10"^  sec;  then  AVj^  =  4*10®  cps, 
which  Is  much  larger  than  the  frequency  Interval  4NqP  /li,  connected 
with  the  spin-spin  Interactions.  The  number  of  "effective"  oscillators 
In  o\jr  example  Is,  In  accord  with  (5.59),  «  5*10  cm"-^.  We  see 

2i 

that  there  are  approximately  10  spins  for  each  effective  oscillator. 

It  Is  clear  that  the  specific  heat  of  the  "effective"  oscillators  Is 
negligible  compared  with  that  of  the  spin  system.  Therefore,  If  T^  »  t, 
then  the  establishment  of  the  thermal  equlllbrliim  between  the  spin  sys¬ 
tem  and  the  aggregate  of  the  effective  oscillators  will  consist  of  hav- 
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Ing  the  "effective"  oscillators  asstmie  the  spin  temperatvire , 

It  can  be  shown  that  In  this  case  the  "effective"  oscillators  are  di¬ 
rectly  coupled  to  the  spin  system. 

We  note  that  the  foimulas  obtained  are  valid  If  M?  «  hv.  On  the 

Q 

other  hand.  If  iCT_  »  hv,  then  It  Is  necessary  to  Introduce  In  place 

B 

of  Nq  the  difference  In  the  populations  of  two  neighboring  spin  levels, 
l.e. , 

N,ln 

2kT,  • 

3.  What  is  the  mechanism  determining  the  longitudinal  relaxation 
If  >  T?  Equilibrium  between  the  spin  system  and  a  hellvun  thermostat 
can  be  established  In  various  ways.  Prellkh  and  Heltler  [54]  have 
shown  that  the  heat  conductivity  of  the  spin  system  Is  very  small. 
Therefore  direct  transfer  of  energy  from  the  spin  system  to  the  ther¬ 
mostat  Is  of  low  effectiveness.  This  can  be  readily  understood  by  rec¬ 
ognizing  that  the  rate  of  propagation  of  the  spin-system  excitations 
(magnons)  In  substances  that  do  not  have  too  high  a  concentration  of 
paramagnetic  centers  Is  much  smaller  than  the  velocity  of  sound:  v  » 
»  (see  §5.1). 

Two  possible  mechanisms  remain:  a)  the  transfer  of  the  energy  of 
the  "effective"  oscillators  to  all  other  lattice  vibrations;  b)  direct 
transfer  of  energy  from  the  "effective"  oscillations  to  the  hellxam 
thermostat.  Van  Vleck  [55]  considered  mechanism  a),  and  took  the  an- 
haimionlclty  of  the  lattice  vibrations  Into  account.  Let  dQ/dt  be  the 
quantity  of  heat  transferred  per  second  from  the  "effective"  oscilla¬ 
tors  to  the  remaining  lattice  vibrations.  Then 

(5.61) 

where  b  Is  the  heat  conduction  Coefficient,  equal  to 
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(5.62) 


If  we  denote  by  AV  the  change  in  the  volvune  V  of  the  crystal  vinder  the 
Influence  of  the  press\ire  £,  then  the  mean  of  the  coefficients  A  and  B 
becomes  clear  from  the  following  formula: 

Y*=^Ap--Bp\  (5.62a) 

For  potassium  chrome  alums  [56]  A  =  6.3- 10"^^  cm^dyn  and  B  =  I.08  x 
-22  4  y  2 

X  10  cm  /dyn  .  If  we  return  to  the  numerical  example  considered  in 
this  section  and  assume  furthermore  that  the  specimen  Is  In  the  form 
of  a  sphere  of  radius  Rj  we  obtain  with  the  aid  of  (5.62)  b  »  2*10"'^  x 
X  w/deg. 

In  order  to  estimate  the  effectiveness  of  mechanism  b),  let  us 
assume  first  that  the  elastic  waves  are  not  perturbed  at  all,  with 
the  exception  of  Interaction  with  the  spin  system  and  the  walls  of  the 
crystal  [57].  The  case  which  we  are  considering  Is  most  favorable  for 
the  penetration  of  heat  from  the  thermostat  Inside  the  specimen.  Let 
us  Imagine  a  spherical  cavity  In  which  the  elastic  waves  striking  the 
wall  have  a  temperature  and  the  waves  radiated  by  the  wall  have  a 
temperature  Tq.  If  u(T)  denotes  the  energy  density  of  the  "effective" 
oscillations  at  temperature  T,  then  each  vinlt  surface  of  the  wall  will 
absorb  per  second  an  energy  vu(T2)/4  and  radiate  an  energy  vu(Tq)/4. 

If  the  difference  —  Tq  is  small,  then 

u(Tz)  -- H  (r,)  =  N,k  ( Tz -  r,). 

and  consequently  the  heat  transferred  per  second  by  the  "effective" 
oscillations  to  the  helium  thermostat  Is  a(T2  —  Tq),  where  the  heat 
conduction  coefficient  Is 

(5.63) 

Substituting  the  previous  valties  of  and  v  we  obtain  a  »  4‘10"^*R^ 
w/deg. 

The  longitudinal  relaxation  time  can  be  defined  as  the  ratio 
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of  the  specific  heat  of  the  spin  system  C_  to  the  heat  conduction  co- 
efficient  of  the  channel  coupling  the  spin  system  with  the  thermostat. 
If  we  take  both  mechanisms  a)  and  b)  Into  account,  we  obtain 

7-.  =  +■}■).  (5.64) 

If  S'  =  1/2,  then  [34] 


g  jmv  (5.65) 

*7^  • 

In  the  example  which  we  have  considered  a/b  »  1  and  consequently 
mechanism  a)  Is  much  more  effective  than  b).  In  this  case  we  obtain 
with  the  aid  of  (5*63)-(5-65) 

r.=(T  ".«)■*■  (nr)’*  (5.66) 

If  ldr„  «  hv,  then  obviously 
s 


(5.66a) 


Substituting  again  the  previous  values  of  the  quantities  used  In  o\ir 
example,  we  obtain  »  10  sec. 

If  the  mean  free  path  of  the  "effective"  phonons  Is  small  compared 
with  the  linear  dimensions  of  the  crystal,  then  the  mechanism  which  we 
have  described  for  the  transfer  of  energy  from  the  effective  oscilla¬ 
tions  to  the  thermostat  will  be  disturbed  by  diffusion  processes.  The 
mean  free  path  of  the  phonon,  the  path  of  which  Is  Interrupted  by  col¬ 
lision  with  a  magnon.  Is  of  the  order  of  ~vt.  Therefore,  If  R  »  vt, 
the  phonon  diffusion  processes  begin  to  play  a  predominant  role  In  the 
transfer  of  energy  from  the  spin  system  to  the  thermostat.  An  estimate 
of  the  longitudinal  relaxation  time  made  for  this  case  [58]  has  shown 


that  for  hv  «  ldr_  Its  approximate  value  Is 

D 


T  — 

'•  lUmUkTA*  • 


(5.67) 


We  note  that  In  this  case  one  cannot,  strictly  speaking,  define  a  sln- 
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gle  relaxation  time.  The  temperature  of  the  spin  system  and  of  the  ag¬ 
gregate  of  "effective"  oscillators  will  vary  from  the  center  of  the 
crystal  toward  Its  boundary.  As  a  result,  a  certain  distribution  of  the 
relaxation  times  Is  produced. 

The  formulas  which  we  have  obtained  for  the  longitudinal  relaxa¬ 
tion  time  apparently  permit  an  explanation  of  the  experimental  facts 
concerning  the  character  of  the  dependence  of  T^  on  the  concentration 
Nq  of  the  paramagnetic  centers,  on  the  temperature  T^,  on  the  dimen¬ 
sions  R  of  the  crystal,  and  on  the  Intensity  of  the  applied  field  Hq 
(of  frequency  v). 

Longitudinal  relaxation  at  low  temperatures  has  not  been  suffi¬ 
ciently  well  Investigated  experimentally.  The  discussion  that  arose  In 
an  examination  of  this  question  [59,  6o]  In  connection  with  the  de¬ 
velopment  of  paramagnetic  amplifiers  (see  Chapter  8)  has  thus  far  not 
led  to  any  definite  results  (see  §5.9). 

§5.5.  Experimental  Data  on  Ionic  Crystals 
1.  Line  width  In  solid  paramagnets 

Various  types  of  Interactions  In  paramagnets  are  experimentally 
Investigated  either  by  determining  the  width  and  the  shapes  of  the 
paramagnetic  resonance  lines,  or  with  the  aid  of  a  method  that  makes 
use  of  the  saturation  of  these  lines.  In  addition.  Information  on  the 
spin-spin  and  spin-lattice  relaxation  times  is  obtained  by  measuring 
parametric  absorption  and  the  dispersion  of  susceptibility  on  super¬ 
position  of  a  static  field  and  a  high  frequency  magnetic  field  paral¬ 
lel  to  It. 

By  line  width  AH  we  mean  the  distance  In  oersteds  between  the 
points  on  the  x"(Hq)  curve  at  which  x"  has  a  value  equal  to  half  the 
maximum.  In  some  papers  the  width  Is  defined  differently,  as  the  dis¬ 
tance  In  oersteds  between  the  points  of  Inflection  of  the  x"(*^0^  curve. 
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Such  a  definition  Is  convenient  when  the  result  of  the  measvirements  is 
the  differential  curve  dx"/dH(HQ).  We  shall  designate  this  width  6H. 

For  curves  of  Lorentzlan  shape  AH  =  l-TS^H  and  for  Qausslan  curves 
AH  =  I.266H.  We  note  that  at  measurements  at  low  frequencies  It  be¬ 
comes  necessary  to  use  the  definition  of  a  "right  half-width,"  i.e., 
the  distance  In  oersteds  between  the  point  corresponding  to  the  posi¬ 
tion  of  the  absorption  maximum  and  the  point  where  X"  =  x"niax/2>  which 
lies  In  the  region  of  Hq  above  the  maximum.  The  "right  half-width" 
will  be  designated  AHp^,. 

In  addition  to  meas^irlng  x"(Hq),  the  width  of  resonance  lines  Is 
also  estimated  by  measuring  the  dependences  of  x'  and  dx'/dH  on  the 
field  Intensity  Hq.  In  the  latter  case  the  difference  between  the 
Lorentzlan  and  Gaussian  line  shapes  can  be  readily  established  by  de¬ 
termining  the  ratio  of  the  values  of  dx'/dH  at  the  maxlmtim  and  at  the 
minima  of  the  dx'/dH(HQ)  cvirve.  The  values  of  this  ratio  are  8:1  and 
3.551  for  Lorentzlan  and  Gaussian  shapes,  respectively  [6I]. 

Measurement  of  the  values  of  AH  (or  6H)  gives  much  less  accurate 
results  than  a  determination  of  the  positions  of  the  lines  In  the 
spectrum.  The  Inaccviracy  of  the  resultant  line  shape  and  width,  which 
Is  Inherent  to  some  degree  or  another  In  all  the  methods  used  to  de¬ 
termine  paramagnetic  resonance,  is  due  principally  to  the  Impossibility 
of  separating  completely  the  various  effects  due  to  the  real  and  Imag¬ 
inary  parts  of  the  high-frequency  susceptibility. 

We  shall  discuss  first  data  pertaining  to  pure  paramagnetic  salts, 
not  diluted  by  the  corresponding  diamagnetic  Ions.  The  line  widths  in 
these  salts  range  from  several  tens  to  thousands  of  oersteds.  The 
lines  become  sometimes  utterly  unobservable.  If  we  exclude  the  case  of 
Ions  with  even  nimiber  of  electrons  (in  which  paramagnetic  resonance 
cannot  occur  because  of  the  smallness  of  the  quantum  of  the  radio  fre- 
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quency  field  as  compared  with  the  Initial  splitting  of  the  spin  sub- 
levels),  then  the  absence  of  the  effect  can  be  due  only  to  excessively 
strong  spin-lattice  Interactions.  A  sufficient  reduction  In  tempera¬ 
ture  decreases  these  Interactions  and  makes  the  effect  observable.  In 
general  the  narrowing  down  of  the  lines  upon  cooling  Is  the  most  con¬ 
vincing  proof  that  the  spin-lattice  Interactions  determine  the  line 
width. 

Another  way  of  elucidating  the  nature  of  the  observed  width  Is  to 
study  the  dependence  of  AH  on  the  frequency  of  the  absorbed  radiation. 
In  the  case  when  the  width  Increases  appreciably  with  Increasing  fre¬ 
quency,  It  Is  natural  to  attribute  this  Increase  to  the  Influence  of 
the  anisotropy  of  the  ^  factor;  In  this  case  the  measurements  aimed  at 
determining  the  true  relaxation  line  width  should  be  carried  out  at 
the  lowest  frequencies.  Of  course,  the  Influence  of  the  anisotropy 
manifests  Itself  most  strongly  in  Investigations  of  polycrystalllne 
specimens;  It  Is  not  excluded,  however,  from  single  crystals,  since  In 
most  cases  a  unit  cell  contains  several  nonequivalent  magnetic  Ions. 

One  of  the  most  Important  methods  of  Investigating  the  Internal 
Interactions  In  paramagnets  Is  to  analyze  the  absorption  line  shape. 

So  far,  however,  this  study  has  been  carried  out  principally  by  cal¬ 
culating  the  second  and  foiirth  moments  of  the  experimental  x"(H)  curves 
suid  comparing  the  results  obtained  with  the  Van  Vleck  line-width  theory 
[10].  That  this  theory  has  limited  applicability  to  the  greater  part 
of  real  crystals  was  already  noted  earlier. 

Some  typical  results  of  measiirements  of  absorption  line  width  and 

2+ 

shape  In  undiluted  paramagnetic  salts  of  Mn  are  listed  In  Table  5* 1 

[62]. 

Prom  an  examination  of  the  data  In  this  table  we  caji  conclude  the 
following; 
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1)  In  magnetically  concentrated  salts,  the  line  widths  are  con¬ 
siderably  smaller  than  would  be  expected  If  only  magnetic  dipole  Inter¬ 
actions  were  taken  Into  accoiuit;  the  line  shape  Is  Lorentzlan  or  close 
to  It.  It  follows  therefore  that  In  such  salts  considerable  exchange 
Interactions  take  place. 

2)  In  salts  with  smaller  magnetic  Ion  concentration  (for  example, 

pi.  p_i- 

In  Tutton's  salts  of  Mn  and  Cu  or  In  chrome  alums),  the  line  shape 
Is  close  to  Oausslan,  and  the  width  deviates  little  from  dipole  wldthj 
thus,  the  role  of  exchange  Is  no  longer  large. 


TABLE  5.1 


1  BcaiecTM 

1  \  ^  . 
jpcm 

3 

/AH,\  , 

{  f)icop- 

jL 

(*«•>• 

MnCl, .  4H,0 

1410 

1530 

1,23 

MnCl, 

750 

2950 

1,40 

MnSO,  • 4H,0 

1150 

1560 

1,28 

MnSO«  •  H,0 

320 

2870 

1,46 

MnSO,  5 

605 

3520 

1,35 

MnCO,  (KpHcr.) 

460 

4460 

1,43 

Mn,(P04),3M,0 

465 

1246 

1,38 

Mn,P,0,  •  3H,0 

1070 

1250 

1,32 

Mn(N0,),.6H,0 

1210 

1033 

1,31 

MnPi 

470 

7020 

1.39 

MnS 

780 

7520 

1,40 

1)  Substance;  2)  eksp;  3)  teor; 
4)  oersted;  5)  crystalline. 


It  must  be  noted,  however,  that  a  study  of  the  dependence  of  the 
exchange  Interaction  on  the  average  distances  between  magnetic  par¬ 
ticles  In  highly  concentrated  paramagnets  Is  possible  only  by  compari¬ 
son  of  substances  that  have  crystal  lattices  of  the  same  type;  other¬ 
wise  It  Is  easy  to  arrive  at  erroneous  conclusions,  for  at  high  mag¬ 
netic  concentrations  It  Is  meaningless  to  operate  with  average  Inter- 
lonlc  distances  without  taking  Into  acco\int  the  specific  nature  of  con¬ 
crete  lattices.  In  particular.  It  was  shown  by  Kashayev  [63],  for  ex¬ 
ample,  that  the  absorption  line  In  CuP2*2H20  Is  considerably  narrower 
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than  In  CuPg,  In  spite  of  the  fact  that  the  average  distances  between 
2+ 

the  Cu  are  smaller  than  in  the  former  salts,  and  consequently  the 

exchange  narrowing  of  the  lines  in  the  latter  salts  should  have  been 

more  manifest  in  the  CuFg.  The  point  is  that  according  to  crystallo- 

2+ 

graphic  data  the  distance  between  the  nearest  Cu  Ions  In  CiiPg  Is 
larger  than  In  CuP2*2H20. 

Prom  among  the  substances  with  strong  exchange  Interactions,  let 
us  stop  to  discuss  CrCl^,  polycrystalline  specimens  of  which  were  In¬ 
vestigated  many  times  under  various  conditions.  The  form  of  the  ab¬ 
sorption  line  Is  shown  In  Pig.  1.2.  The  value  of  AH  was  determined  In 

10  7 

the  frequency  Interval  between  10  and  10'  cps  and  was  found  to  be 
constant  and  equal  to  l40  +  5  oersteds  [64]  within  the  limits  of  meas¬ 
urement  accuracy  (if  It  is  determined  at  low  frequencies  by  multiply¬ 
ing  the  "right-hand  half-width"  by  two).  Temperature  changes  in  the 
Interval  from  290  to  77°K  do  not  affect  AH.  The  value  of  AH,  calcu¬ 
lated  following  Van  Vleck  from  only  the  magnetic  dipole  interactions. 
Is  much  larger  than  the  observed  value  and  amounts  to  1000  oersted. 

The  ratio  AH/6H  corresponds  to  a  Lorentzlan  form. 

A  good  example  of  a  Gaussian  form  Is  the  line  observed  by  Bleaney 
[65],  corresponding  to  the  transition  ^he  spectrum  of  cesl\im 

chrome  aliom  CrCs(S02^)2' 12H2O  with  the  crystal  optical  axis  oriented 
along  the  field.  The  width  of  this  line  Is  AH  =  280  oersted,  and  Is 
shown  In  Pig.  5.3.  The  experimental  data  are  marked  on  the  figure  by 
the  points,  and  the  curve  Is  drawn  to  obey  a  Gaussian  law,  with  a  mean 
square  width  Ojj  =  II8  oersted.  This  last  quantity  was  calculated  by 
Bleaney  after  Van  Vleck  with  account  of  the  presence  of  nonequivalent 
Cr^'*’  Ions  In  the  crystal  cell.  The  good  agreement  with  experiment 
leads  to  the  conclusion  that  the  role  of  exchange  Interactions  Is 
small  In  cesium  chrome  alum. 
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5J  Mipcmti 


Fig-  5- 3-  Shape  of  the 
(1/2  3/2)  paramagnetic 

resonance  line  of  cesium 
chrome  alum  [65].  1)  kilo- 
oersted. 


Sometimes  the  line  corresponds  to 
neither  Lorentzlan  nor  Gaussian  shape. 

In  particular,  an  Intermediate  form  was 
obtained  by  Japanese  Investigators  [66] 
for  MnSO^^ *41120  and  MnS02|*5H20.  Deviations 
from  the  form  expected  by  the  Van  Vleck 
theory  have  been  observed  by  MacLean  and 
Kor  [67]  In  organic  salts  of  Mn^"^. 

We  shall  now  stop  to  discuss  the 
measurements  of  AH  In  dilute  salts.  In 
which  some  of  the  magnetic  Ions  are  re¬ 


placed  by  diamagnetic  ones.  Prom  the  point  of  view  of  spectroscopy, 
such  salts  are  of  great  Interest.  It  Is  necessary  to  note  here  first 
of  all  that  the  narrowing  down  of  the  lines  resulting  from  the  reduc¬ 
tion  In  the  magnetic  dipole  Interactions  between  the  Ions  Is  observed 
down  to  sufficiently  small  relative  concentrations  of  the  magnetic 
Ions  (f  <  0.01).  If  the  residual  line,  which  Is  Independent  of  the 
further  dilution.  Is  not  connected  with  the  spin-lattice  relaxation. 

It  Is  usually  due  to  magnetic  dipole  Interactions  with  the  moment  of 
the  near-lying  atomic  nuclei,  particularly  with  the  moment  of  the  pro¬ 
tons  of  the  water  In  hydrated  salts.  Therefore  In  spectroscopic  Inves¬ 
tigations  the  HgO  Is  frequently  replaced  by  heavy  water  DgO,  which 
leads  to  a  certain  narrowing  down  of  the  line  as  the  result  of  the 
smaller  magnetic  moment  of  D.  During  the  Initial  stages  of  dilution 
(for  f  >  0.1)  the  absorption  lines  are  weakly  narrowed  down,  and  some¬ 
times  they  may  even  broaden  a  little,  as  was  noted  In  [63].  The  reason 
for  this  Is  that  the  exchange  Interactions  decrease  with  Increasing 
distance  more  rapidly  than  the  magnetic  dipole  Interactions.  Examples 
of  experimentally  determined  width  In  dilute  paramagnetic  salts  are 


TABLE  5.2 


2 

3 

VcMmu  onHta 

5“ 

1  Bciuktm 

PUM* 

letiHt 

nojy* 

tUHpHHa 

X,  CM 

T.’K 

CoCTOiHHt 

j^ttlUeCTM 

JIht*. 

patypa 

(Mn*+  Zn*+)S 

10* 

7,5i0,5 

3,2 

300-4,2 

MOHOKp. 

1681' 

(Pr«+  La«+)a, 
oH$  iiapa.i.icAbHo  onrHtte* 

I0-‘ 

5,5j;0,5 

3.2 

» 

7 

» 

I68J 

ckoA  och  KpitCTa.iJit 

9  fit  nepneiuHKyjiHpHo  K 

0,11 

25 

3,2 

4.2 

» 

169) 

oniimccKoA  och  KpiicraHBa 

1 

180 

3.2 

4.2 

> 

[69) 

1)  Substance;  2)  dilution;  3)  half  width;  4) 
conditions  of  experiment;  5)  state  of  sub¬ 
stance;  6)  llterattire;  7)  monocrystalllne; 

8)  Hq  parallel  to  the  optical  axis  of  the 

crystal;  9)  Hq  perpendicular  to  the  optical 

axis  of  the  crystal. 

listed  In  Table  5.2. 

Information  on  the  spin-spin  Interac¬ 
tions  In  paramagnets  In  the  absence  of  con¬ 
stant  fields  Hq  can  be  obtained  from  abso¬ 
lute  measiirements  of  the  absorption  coeffi¬ 
cient  at  Hq  =0.  Measurements  of  this  type 
were  made  for  several  salts  by  Gorter  [34] 
and  later  by  Rlvklnd  [70].  The  values  of 
T’(0)  obtained  by  the  latter  at  10  megacycles 
are  listed  In  Table  5.3* 

2.  Spin-lattice  relaxation  In  solid  paramagnets 

Investigations  of  spin-lattice  relaxation  were  started  by  Qorter 
[34]  even  before  the  discovery  of  paramagnetic  resonance.  In  the  1930 's. 
His  method  consisted  of  measuring  the  dependence  of  the  coefficients 
X'  and  x"  on  the  Intensity  of  a  static  magnetic  field  H||,  situated 
parallel  to  an  oscillating  magnetic  field  of  constant  frequency  v.  The 
frequency  that  Gorter  used  In  his  experiments  was  on  the  order  of  10^- 
10'  cps.  A  phenomenological  theory  of  spin-lattice  relaxation  In  paral¬ 
lel  fields  was  proposed  by  Caslmlr  and  du  Pre  [71]  for  the  case  t  »  t'. 
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TABLE  5.3 


1  B«iuecrM 

.  2 

voa, 

10,5 

voso, 

1,85 

CuCl,.2H,0 

8,65 

CuSO,  •  5H,0 

4,05 

Cu(NH,).S04.H.6 

15,3 

Cu(NO,),.6H,0 

2,70 

CrCl, 

3,50 

CfF, 

0,77 

Cr,(SO,), 

0,60 

Cr,(OH),.H,0 

1,88 

l)  Substance;  2)  sec. 


The  phenomenological  theory  of  relaxation  phenomena  In  parallel  fields 
was  further  developed  by  Shaposhnlkov  [4],  who  took  Into  account  the 
role  of  the  spin-spin  Interactions  In  the  general  relaxation  effect. 

A  summary  of  the  experimental  values  of  t  obtained  up  to  19^7  by  Qor- 
ter  and  his  co-workers  Is  contained  In  his  book  [34].  Later  measure¬ 
ments  of  T  by  the  method  of  parallel  fields  can  be  fo\ind  In  [72-74,  4l] 
and  elsewhere.  We  shall  note  here  only  the  principal  results,  without 
stopping  to  describe  the  experiments. 

Measurements  at  temperat\H’es  from  300  to  64°K  were  made  In  hy- 
drated  salts  of  the  Iron-group  Ions  and  In  salts  of  Gd*^  .  The  longest 
spln-lattlce  relaxation  times  were  found  In  salts  of  Mn  ,  Gd”^  and 

Cr^'*’;  they  have  an  order  of  10“'^-10“®  sec  at  room  tempera tvires.  Very 

2+ 

short  values  of  t,  which  are  observed  for  example  In  salts  of  Co  or 
particularly  In  salts  of  Tl^'*’  could  not  be  measured  by  the  psirallel- 
fleld  method  In  the  Indicated  temperature  Interval,  since  the  condi¬ 
tion  T  >  t'  Is  not  satisfied  there. 

A  small  nxjumber  of  salts  of  Mn^"*",  Pe^"^,  Gd“''’,  Cr^'*’,  and  Go”"''  and 

of  a  few  other  Ions  were  Investigated  In  the  region  of  helium  tempera- 

-2  -4 

tures.  Their  relaxation  times  are  on  the  order  of  10  -10  sec. 

We  shall  consider  first  the  region  of  high  temperatures,  where 
combination  processes  predominate. 

In  this  region,  the  dependence  of  t  on  H||  Is  well  described  by  a 
formula  proposed  by  Brons  [751,  which  was  theoretically  conf limed  In  a 
paper  by  Van  Vleck  [37 1 • 


i+Hl 

t  =  T,  -j - r. 

i+pin 


(5.68) 


2 

Here  b  =  CjjT  Is  the  constant  of  magnetic  specific  heat,  C  Is  the 
Curie  constant,  Tq  Is  the  spin-lattice  relaxation  time  at  Hq  -*0;  p  = 
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=  'To/'^oo*  Is  the  same  time  when  Hq  -►  «.  According  to  Van  Vleck 

p  <  1,  and  therefore  the  value  of  t  should  increase  with  increasing 
field  intensity  H|j  and  tend  in  the  limit  to  The  temperature  de- 

_p 

pendence  is  contained  essentially  in  the  factor  Tq  ~  T  with  T  »  9. 
Experiment  shows,  however,  that  the  value  of  £  sometimes  varies  with 
the  temperature.  The  experimental  data  obtained  for  the  temperature 
range  from  300  to  64°K  agree  qualitatively  in  most  cases  with  the 
theoretical  predictions]  the  value  of  t  calculated  by  Van  Vleck  for 
chrome  alums  agrees  with  the  experimental  values  also  in  order  of  mag¬ 
nitude.  Nonetheless  one  cannot  speak  of  strict  agreement  between  theory 
and  the  experimental  data.  The  main  reason  for  the  discrepancies  is 
apparently  the  fact  that  the  measurements  of  the  spin-lattice  relaxa¬ 
tion  time  in  parallel  fields  is  possible  only  if  t  »  t'  whereas  in 
Van  Vleck' s  theory  the  spin-spin  interactions  are  taken  into  account 
only  very  approximately. 

Another  reason  that  leads  in  individual  cases  to  major  qualita¬ 
tive  disagreements  with  the  theory  may  be  the  phase  transitions  in  the 
pararaagnet  occ\irrlng  as  the  temperature  of  the  experiment  is  varied. 

In  particular,  this  may  explain  the  reduction  in  t  on  cooling,  observed 
by  Garif'yanov  [76]  in  iron-ammonia  alum,  in  which  the  phase  transi¬ 
tion  point  lies  according  to  his  measurements  near  200°K. 

A  similar  behavior  is  exhibited  by  potassium  chrome  alum  (phase 
transition  point  near  90°K)  and  also  by  gadolinium  sulfate  [34]. 

Tables  5-4  and  5.4a  contain  certain  data  pertaining  to  the  values 
of  T  in  the  high  temperature  region  (77-300°K),  obtained  by  the  paral¬ 
lel-field  method. 

In  the  region  of  hellvim  temperatures,  where  the  direct  processes 
should  predcxnlnate.  Van  Vleck' s  theory  agrees  much  worse  with  experi¬ 
ment.  In  particular,  for  the  direct  processes  the  theory  requires  that 
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TABLE  5-^ 

Spin-Lattice  Relaxation  Time 


1  BeinecTM 


Cr(NO.)i-9H.O 


CrK(SO,),-  12H,0 


C,(NH,J^SO,,X 

lCf(H.O),JCl, 


ICr(NH.),]Cl, 

fCr(H,0)4CI,]ClX 

X2H,0 


[CrF.l  K, 


|Cr(— OOC- 
-  COO), I  K. 


Fc  (NO ,),  •  9H,0 


Fe(NH4)(S04),x 

XI2H,0 


Fe(NP4)(S04),  X 
Xl2D,0(93«/oD) 


(Fe,  AI)(ND 
(S04),.I2D,' 


ad,(S04).-8H,0 


Od  (CH,— 
-COO— ),-4H,0 

Qd,(  — OOC- 
-COO-),  •  lOH.O 


Od(NO,),.6H,0 


Hii. 

$pcm 

2 

J-I0-*. 

tpem* 

3«t  •  1 

J*. 

1 

5 

7Int«> 

pnypi 

rr  K 

so*  K 

»0>  K 

^  TCMnepa- 
rypu.^ 

(•  eKo6Kas) 

0 

M 

2,2 

0,7 

800 

3,2 

1.1 

1600 

3,9 

1,52 

.  r79] 

2400 

5 

2,13 

3200 

5,3 

>4000 

6,3 

3,2  ^ 

0 

0,65 

0,9-  0,7; 

0,33-0,25, 

(721 

>4000 

4,l-2,8: 

2.1-2,0 

72 

0 

~0,0I; 

1 

s 

L 

(761 

2,68 

0 

0,96 

2,5 

>4000 

5 

■172] 

<3200 

13 

0,2 

0,18. 

0 

4,5 

1.2 

1.05 

>4000 

1,9 

1.5 

1000 

0,04 

1 

2000 

4,1 

0,085 

164] 

3000 

0,13 

1 

0 

8 

0,19 

0,15 

1600 

0,22 

0,18 

2400 

0,25 

0,22 

3200 

0,-28 

0,24 

0 

27 

0,3 

0,22 

1600 

0,32 

0,'24 

■2100 

0,36 

0,27 

3200 

0,41 

0,33 

800 

19,5 

0,71 

0,38 

0,8(64.4) 

lOUO 

0,78 

0,49 

1,1 

(64,4) 

'2100 

0,84 

0,56 

1.2  (64,4) 

.'LOO 

0,98 

0,69 

1,35(61,1) 

(72) 

0 

0,27 

0,25 

0,04 

■{ 

0,75  (64) 
<0.02  (195) 

|1721 

too 

0,26 

0,042 

200 

0,27 

0,046 

300 

0,28 

0,05 

400 

0,33 

0,055 

800 

0,62 

0,1 

1600 

l.I 

0,23 

3200 

1.79 

0,53 

4800 

2,06 

0,8 

>4000 

0 

2.1 

0,9 

~0,0I 

~o,ooi(loo) 

’  174J 

0 

0,27 

0,32 

0,08 

,0,75 

(64) 

1 

>4000 

2.2 

1 

3 

(64) 

)  172] 

0,27 

<0,32 

<0,08 

* 

0 

3,9 

1.6 

1,95 

0,42 

800 

1,75 

2,1 

0,5 

1600 

2.1 

2,5 

0,55 

2400 

2.5 

2,85 

0,69 

3200 

2.8 

3,15 

0,79 

>4000 

4 

4.2 

1.25 

1600 

0,67 

0,41 

0.11 

0,27  (195 

1 

2400 

0.71 

0,46 

0.125 

0,28  (195 

172J 

3200 

0.77 

0,51 

0.14 

0,29  (195 

0 

1.8 

1.5 

1.5 

0,24  (195 

800 

1,75 

1,8  . 

0,31 

195 

1600 

2 

2 

0,45 

195 

2400 

2,7 

2.7 

0,60  1 

195 

3200 

2,9 

2,95 

0,85 

10$ 

>4000 

3,6 

3,6 

1.5  ( 

195 

800 

2.06 

0,55 

1600 

0,72 

2400 

0,86 

3200 

0,96 

4000 

I 

5000 

1.1 
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TABLE  5. ■4  (Conclusion) 


adCl,.4H,0 

MiiCl,  ■  4H,0 

800 

1600 

2400 

3200 

4000 

5000 

800 

1200 

1600 

2000 

5.1 

19,8 

1 

o;53 

0.59 

0,64 

0,69 

0,72 

0,75 

1.41 

1,6 

1,79 

MiiCl, .  4H,0 

2400 

1,94 

2800 

2,12 

3200 

2,2 

3600 

2.4 

Mn(N0,)i-6H,0 

800 

1,2 

1200 

0,3 

1600 

0,35 

2000 

0,37 

2400 

0,38 

3200 

0,39 

MnS0«>4H,0 

0 

6.2 

4 

3,2 

0,32 

800 

5±2 

0,28 

1600 

0,17 

• 

2400 

0,47 

3200 

0,53 

Mn(NH4),<SO.),x 

X6H(0 

0 

0.64 

5,5 

0,40 

0,93  (195) 

>4000 

II 

0,80 

1,85(195) 

1200 

0,66 

1600 

0,74 

2000 

0,77 

2400 

0,8 

2800 

0,82 

3200 

0,83 

3600 

■ 

0,835 

NiSO, .  7H,0 

907 

0,17 

0,087 

Ni(NH4),(SO,),  X 

907 

0,147 

0,117  • 

X6H,0 

V(NH,4),(S04),X 

4A 

X6H,0 

• 

IMJ 


198| 


} 


[981 


(73) 


r- 

-29(fK 

[731. 


■  npH 

HH3KIIZ 

Tcune- 

paty- 

pax 

(72) 


r- 

-290‘K 

[Ml, 

npH 

HII3KHZ 

TCiine- 


1)  Substance;  2)  oersted;  3)  sec:  4)  other 
temperatures,  °K  (in  parentheses);  5)  lltera- 
txu'e;  6)  at  low  temperatures. 


TABI£  5.4a 


1  BeiiwcTW 

^.10-*, 

tpcm* 

2«t 

.  I0»,  rM  3 

4 

^Hte- 

patyiM 

TTK 

1 

OfK 

1  7W  K 

OCk 

ock 

CuSO,.5H,0 

soo 

0,47 

0,01 

0,01 

0,008 

ripn 

(no- 

HII3K4IX 

POIUOK) 

TCMIlC- 

1600 

IKOcVi 

0,015 

0,015 

0,014 

0,012 

parypax 

_ 

('>CH  Af,)  | 

1 

[72l 
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TABLE  5*^a  (Conclusion) 


1  BeniKTM 

Hil. 

$ptm 

2 

4.10.. 

ipem^ 

3*1, 

10-*,  reu  5 

4 

TIhtc. 

paiyp* 

ir  K 

WK 

1  W  K  ] 

nctpo- 

b 

D 

1 

ocb  : 
Ki 

CCh 

Kt 

OCb 

Kt 

2400 

0,02 

0,025 

0,023 

0,017 

rlpH 

3200 

0.6 

0,025 

0,03 

0,027 

0,02 

U290*K 

(ocb  Kt) 

1411 

4000 

0,028 

0,033 

0,03 

0,022 

4800 

0,03 

0,035 

n.0')2 

0,023 

5600 

0,031 

0,036 

0,024 

CuK.(S04),-6H,0 

400 

0,12 

0,66 

0,43 

npii 

(no- 

HH3KH1 

POIUOK) 

Teune* 

800 

0,8 

0,48 

0,008 

0,003 

0,008 

parypaz 

1600 

0.1 1 

0,009 

0,009 

0,009 

1^4 

(oCb  Ktl 

Iipn 

2400 

0,15 

=290*  K 

(ocb  Ki) 

0,9 

0,54 

0,01 

0,01 

0,009 

(41| 

3200 

0,01 

0,01 

0,009 

4000 

0,01 

0,01 

0,009 

4800 

0,01 

0,01 

0,^ 

5600 

0,01 

0,01 

0,009 

Cu(NH4)i(SO.).X 

400 

0,18 

0,47 

0,28 

npH 

X«H.O 

800 

0,16 

0,59 

0,33 

0,008 

0,008 

0,008 

HH3KHZ 

(no- 

TCMne- 

DOUIOX) 

parypaz 

1600 

0.16 

0,01 

0,012 

0,01 

|72J, 

(BCb  Kif 

npH  r=B 

2400 

0,16 

0,67 

0,44 

0,012 

0,013 

0,011 

=290*K 

(ocb  Kti 

1411 

3200 

1 

0,013 

0,014 

0,012 

4000 

1 

0,014 

0,015 

0,013 

4800 

1 

0,014 

0,015 

0,013 

5600 

0,014 

0,015 

r  0,013 

Remark.  Kg,  and  are  the  principal  mag¬ 
netic  axes  of  the  crystal,  see  §4.1. 

l)  Substance;  2)  oersted;  3)  sec;  4)  litera¬ 
ture;  5)  powder;  6)  at  low  temperatures;  7) 
at  T  =  290°K. 

-O 

T  be  proportional  to  Hq  and  T  ;  In  addition,  naturally,  there  should 
be  no  observed  dependence  of  t  on  the  magnetic  concentration  Nq.  Yet, 
according  to  [77]#  experience  shows  In  concentrated  salts  a  stronger 
dependence  on  the  temperature  than  T”^,  and  the  dependence  on  Hq  can 
be  ejqpressed  up  to  rather  strong  fields  by  means  of  t  ~  (b  +  CHq). 
Finally,  an  Increase  In  t  Is  observed  In  most  cases  upon  dilution* 
t(t  ~  Moreover,  for  concentrated  salts  the  Caslmlr  and  du  Pre 

formula  Itself  Is  not  In  good  agreement  with  the  experimental  results. 
They  can  be  described  satisfactorily  only  with  the  aid  of  an  entire 
set  of  values  of  t.  However,  when  the  magnetic  dilution  of  the  speci¬ 
mens  Increases,  the  deviations  from  the  Caslmlr  and  du  Pre  formula  de- 
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crease.  The  dependence  of  t  on  the  concentration  also  becomes  weaker, 
and  at  sufficient  degrees  of  dilution  the  relaxation  time  becomes  con¬ 
stant. 

The  dependence  t(Hq)  has  a  complicated  form  In  dilute  specimens. 
At  small  values  of  Hq  the  relaxation  time  Increases  with  the  field  but 
reaches  rapidly  a  maxlmim  (corresponding  to  several  hundred  oersted), 
after  which  t  becomes  approximately  proportional  to  Hq^.  Thus,  In  di¬ 
lute  paramagnets  the  deviation  from  the  theory  turns  out  to  be  some¬ 
what  smaller,  but  Is  nevertheless  not  completely  eliminated. 


TABLE  5.5 

Spin-Lattice  Relaxation  at  Low  Tem¬ 
peratures  [72] 


1  BemecTto  1 

! 

- 1 

T.  ‘K 

Hil. 

2irT.10«.  1 
XtK  1 

3 

4  Mem 

KCf(S04),-12H.0 

] 

20,4 

4000 

0,21 

nor.iouicHHe  b  iia- 

14,3 

4000 

0,31 

pa.IJICJIbHbIX  IIO.IAX 

Qd,(S04),-8H,O 

20,4 

SOO 

0,0054 

AHcnepcHB  BoenpH- 

1600 

0,006 

HMMHBOCTH  •  napax* 

2400 

0,0074 

.ic.ibilux  noanx 

3200 

0/)09 

4000 

0.012 

6 

MnSO,  •  4H,0 

20,5 

670 

1,37 

noraomcHHe  h  ahc- 

1120 

1,52 

nepcHR  B  napaa* 

1685 

1,82 

acAbHUi  noanz 

2250 

2,13 

3;470 

2,64 

4030 

2,78 

18,4 

670 

2,56 

7  To  xe 

1120 

2,82 

1685 

3,.30 

2250 

3,90 

.3:470 

4,90 

40.30 

5,12 

6 

14,4 

670 

9.3 

rioraomeHHc  h  ahc- 

1120 

10,5 

ncpcHA  i  napax- 

1685 

12,5 

xejibHi^x  noxu 

22.50 

14,5 

.3.370 

18,2 

4030 

19,0 

6 

Mn(XII.).(SO,),X 

20,3 

0 

1,06 

nor.ioiuciiiic  H  AHC- 

XtilIjO 

—  00 

2.47 

iicpcifH  8  iiapax- 

14,3 

0 

5,86 

XC.IbHMX  nOJIHX 

1 

—  o-> 

13,6 

4,21 

0 

.50,3 

-  •  o> 

117 

1)  Substance;  2)  oersted;  3)  sec;  4) 
method;  5)  absorption  In  parallel 
fields.  Dispersion  of  susceptibility 
In  parallel  fields;  6)  absorption  and 
dispersion  In  parallel  fields;  7) 
the  same. 
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TABLE  5.5a 

Average  Spin-Lattice  Relaxation  Times  at  Low  Temperatures  [72] 


1  BeinecTM 

Mil- 

2 

Jnt  .  101. 

_r_. 

t 

r.'K 

KCr  (SO«), .  12H,0 

4  Ofipaaeu  A 

790 

2,48 

4,04 

2250 

5,1 

4,04 

3370 

6,7 

4,04 

790 

9,8 

— 

2,58 

2250 

19,5 

— 

2,58 

.  3370 

23,5 

— 

2,58 

790 

20,0 

1,95 

2250 

36,3 

— 

1,95 

3370 

44,1 

— 

1,95 

4o6paseu  B 

710 

'•! 

1.3 

2,68 

2480 

3,6 

1,29 

2,68 

3100 

4.2 

1,34 

2,68 

710 

12,5 

1.0 

1,34 

2480 

29 

1.28 

1,34 

3100 

34 

1,27 

1.34 

K,Cu(S0«),-6H,0 

22S 

30 

1.6 

'  4,015 

340 

40 

1,5 

450 

.45 

1.4 

657 

50 

1,3 

226-339 

2,16 

226—339 

1.0 

Cu(NH,),(S0.),-6H,0 

2S6— 428 

210 

2,18 

286-428 

246-250 

1 

0,97 

Pe(NH4)(S0,),12H,O 

4  0(Spi3ett  A 

2250 

2,40 

1.24 

3,61 

3370 

4,78 

1,27 

3,61 

4500 

7,58 

1,33 

3,61 

450 

0,98 

1,00 

3,00 

675 

1,50 

1.11 

3,00 

1120 

3,01 

1.14 

3,00 

1685 

5,74 

1.21 

3,00 

2250 

9,90 

1,30 

3,00 

3370 

18,0 

1,31 

3,00 

4500 

26,9 

1,40 

3,00 

450 

2,10 

1.21 

2,51 

675 

3,38 

1.11 

1120 

5,78 

1685 

11,3 

1^7 

2250 

19,1 

3370 

42,0 

— 

113 

4,26 

— 

1,89 

225 

4,46 

— 

450 

6,58 

1.16 

675 

8,70 

1,15 

1120 

18,7 

1.17 

225 

1  9,ii9 

1.61 

1  HetuccTM 

M||- 

2 

Jnt .  10', 

3  "* 

t 

r,  ’K 

450 

12,2 

1 

675 

15,9 

— 

1129 

36 

“ 

4  OOpa.eii  B 

450 

675 

1,82 

2,29 

4,02 

3,53 

4,08 

1120 

5.72 

3,49 

1685 

11,8 

2,83 

2250 

15,9 

2,50 

3370 

27 

2,32 

4500 

36 

1,68 

450 

8,5 

2,12 

2,98 

675 

14,9' 

1.41 

1120 

29 

2,24 

2250 

83 

1,62 

3370 

133 

1.47 

4500 

180 

1,33 

4  06pi3tn  C 

225 

2-® 

2,01 

2,96 

450 

4,6 

675 

7.5 

L?8 

1120 

15,5 

1,74 

1685 

31,7 

1,81 

113 

11 

1.2 

2,32 

225 

13,1 

1.48 

450 

19,2 

1.63 

675 

26,7 

1.63 

1120. 

58 

1.53 

1685 

100 

1.27 

Od(SO.)i-8H,0 

1120 

25 

4,15 

1685 

29 

2250 

37 

3370 

45 

4030 

55 

570-851 

44-50 

2,16 

570-851 

314 

0,99 

Remark.  In  order  to  calculate  these  data,  which  were  obtained  by  meas¬ 
uring  x'(Hq)  and  x"(Ho)  parallel  fields  H  ,  the  factors  (1  + 

and  t(1  +  In  the  Caslmlr  and  du  Pre  formulas  have  been  replaced 


by  and  ^ ^ rfT.  with  g(T)dT  =  1.  t  denotes  the  mean  value 

of  T  In  the  continuous  distribution  g(T);  denotes  the  value  of  x 

given  by  the  relation  =  s('r)/2}  the  ratio  characterizes 

the  width  of  the  distribution  of  the  relaxation  times. 

1)  Substance;  2)  oersted;  3)  sec;  4)  sample. 
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Tables  5. 5  and  5-  5a  list  some  data  obtained  by  Oorter  and  his 
co-workers  [72]  In  measurements  of  paramagnetic  relaxation  In  the 
region  of  helium  temperatures. 

Along  with  the  method  of  parallel  fields,  the  relaxation  time  has 
been  measured  In  recent  years  by  the  method  of  saturation  of  the  para¬ 
magnetic  resonance  line.  In  this  case  It  Is  possible  to  use  In  principle 
much  greater  magnetic  dilutions.  In  addition,  the  saturation  method 
makes  It  possible  to  determine  the  relaxation  constants  for  Individual 
resonance  transitions,  whereas  the  method  of  parallel  fields  gives 
only  summary  quantities.  On  the  other  hand,  the  saturation  method  Is 
not  free  of  shortcomings;  It  Is  very  difficult  to  use  It  for  the  de¬ 
termination  of  the  dependence  t(Hq)  since  this  calls  for  measurements 
over  a  wide  range  of  frequencies;  to  study  short  relaxation  times  It 
Is  necessary  to  use  an  oscillating  field  of  very  large  power;  finally, 
the  experiments  themselves  are  much  more  difficult  to  set  up  than  In 
the  method  of  parallel  fields. 

The  first  relaxation  measurements  by  the  saturation  method  were 

made  In  1949  by  Schllchter  and  Purcell  [78]  In  undlluteo  salts  of  Mh^"^ 

2+ 

and  Cu  at  room  temperature  and  at  the  temperature  of  dry  Ice.  The 
sample  was  placed  In  a  resonant  cavity  used  to  terminate  one  of  the 
arms  of  a  T-brldge.  To  generate  the  strong  microwave  magnetic  field 
(with  an  approximate  amplitude  of  30  oersteds)  needed  to  saturate  the 
broad  absorption  lines,  a  pulse  magnetron  was  used.  In  view  of  the 
transient  effects  connected  with  short  pulses,  the  ordinary  bridge 
technique  was  somewhat  modified.  The  relaxation  times  T^^  for 

Mn(NH2|^)2(S02^)2*  6H2O,  the  sulfate  of  Mn^'*’,  and  the  sulfate  of  Cu^"'" 

—8 

were  found  to  be  on  the  order  of  10  sec. 

Schneider  and  Engleuid  [79]  measured  T2  In  a  specimen  of  ZnS  with 

Ox 

a  small  content  of  Mn  at  90°K.  Since  the  absorption  lines  were  nar- 
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row,  experiments  on  the  saturation  were  carried  out  with  an  ordinary 
klystron  as  a  source  of  mlcrowa,ve  field.  The  measurements  were  made  at 
the  temperatvire  of  liquid  air  and  have  led  to  values  of  the  spin-lat¬ 
tice  relaxation  time  close  to  those  observed  by  Gorter  In  undiluted 
salts  of  Mn^'*’. 

Eschenfelder  and  Weldner  [80]  carried  out  saturation  experiments 
in  single  crystals  of  dilute  potassium  chrome  alum  and  Iron  ammonia 
alum  at  2-4°K.  The  measurements  were  made  by  the  reflection  method  us¬ 
ing  a  T  bridge.  The  source  of  the  microwave  field  was  a  klystron  with 
1  watt  output  power.  A  toroidal  sample  of  the  substance  was  placed  In 
a  cylindrical  cavity  coupled  to  a  waveguide.  To  ensure  thermal  Insula¬ 
tion,  part  of  the  waveguide  was  made  of  glass  coated  with  a  thin  layer 
of  silver. 

The  spin-lattice  relaxation  time  was  determined  with  the  aid  of 
the  formula 

If”'’ ife 

Here  and  are  the  Q  factors  of  the  cavity  with  and  without  mag¬ 
netic  losses,  B  Is  a  certain  constant, 

4— 

r  Is  the  reflection  coefficient  at  the  resonant  value  of  the  field  H  = 
=  ^0  same  quantity  at  H  »  ^1  Incident  power, 

and 

_  (I  —  r) 

(r-r,)- 

Prom  the  experimental  dependence  r(pj^)  it  Is  possible  to  deter¬ 
mine  the  spin-lattice  relaxation  tln«  T^  =  1/2W,  where  W  Is  the  proba¬ 
bility  of  the  relaxation  transitions.  It  Is  most  convenient  to  do  this 
by  plotting  the  quantity  ®  function  of  p^(l  —  r)^j  the  slope 
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Pig.  5-^-  Results  of  meas¬ 
urement  of  the  tempera¬ 
ture  dependence  of  the 
relaxation  time  by  the 

saturation  method  for 
KCr(S02^)2-12H20  and 

Pe(NH2^)  (302^)2- I2H2O  [80]. 


of  the  resultant  line  makes  it  possible 
to  determine  TT^  Independently  of  g(v). 

The  basic  results  obtained  for 
KCr(S022)2'12H20  and  Pe(  NH^^)  (8022)2- I2H2O 
are  shovm  In  Pig.  5.4.  On  the  right  side 
of  this  figure  are  Indicated,  for  both 
salts,  the  corresponding  resonant  trans¬ 
itions,  the  magnetic  dilutions,  and  the 
crystal  orientations.  It  Is  seen  from 
the  figure  that.  In  accordance  with  the 
theory,  the  time  Is  Inversely  propor¬ 
tional  to  the  absolute  temperature.  The 
magnetic  dilution  Investigated  In  Iron- 


ammonla  aliuns  lengthens  the  time  T^  by  only  a  very  small  amount. 

Bloembergen  and  Wang  [48]  continued  the  experiments  of  Sllchter 
and  Purcell  on  the  study  of  the  spin-lattice  relaxation  time  In  sub¬ 
stances  with  broad  absorption  lines,  using  pulse  techniques.  Their 
setup  made  It  possible  to  obtain  In  the  resonant  cavity  a  microwave 
magnetic  field  with  a  pulsed  an^lltude  up  to  50  oersted.  The  following 
relation,  which  Is  derivable  from  Bloch's  formula  (5.1),  holds  true 
under  paramagnetic  resonance  conditions; 

_ i_ _ 

Here  x"  and  Xq  absorption  coefficients  for  the  given  amplitude 

and  when  -*  0,  l.e..  In  the  absence  of  satiation.  If  the  value 
of  Y  and  the  width  of  the  resonance  line  are  known,  then  the  time  T^ 
can  be  determined  either  by  measuring  x"/Xo  measuring  M^/Mq  at 

different  amplitudes  H^.  Measurements  carried  out  by  both  methods  in 
MnS022*4H20  have  shown  good  agreement  with  Gorter's  data,  as  can  be 
seen  from  Table  5«6. 
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TABLE  5.6 

Relaxation  Time  in  MnS02^*4H20 


1  Mctoi 

300*  K 

7r  K 

2  Hepe3o»iaiicHa«  ahc- 

nepcim . 

3  liicuiiteuiie . 

4 

1,0  •  IO-'  ceK 
0,78  10-'  > 

4 

1,3 -lO-*  CtK 

1,2 -lO-*  > 

1)  Method]  2)  nonresonant  dis¬ 
persion;  3)  satioratlon;  4)  sec. 


There  Is  no  doubt  that  extensive  use  of  the  saturation  method 
will  add  In  the  very  near  future  to  the  far  from  sufficient  experimen¬ 
tal  data  on  the  spin-lattice  relaxation  times  In  crystalline  paramag- 
nets. 

An  appreciable  step  forward  toward  the  study  of  relaxation  at  low 
temperatures  was  made  in  a  recent  work  by  Glordmalne,  Alsop,  Nash,  and 
Townes  [58].  These  authors  measured  the  relaxation  times  In 
0d2Mg2(N02)2^2*2^^2*^^  K2Cr(CN)g  and  Cu(NHji^)2(S02j^)2* 6H2O  at  temperatures 
1-4°K.  Two  methods  were  used;  1)  the  ordinary  method  of  paramagnetic 
resonance  line  saturation,  and  2)  saturation  of  the  lines  by  strong 
microwave  pulses  with  subsequent  measurement  of  the  rate  of  reestab¬ 
lishment  of  equilibrium  by  observing  the  absorption  of  a  weak  micro- 
wave  signal  as  a  function  of  the  time  elapsed  after  the  cessation  of 
the  strong  pulse  causing  the  saturation.  This  observation  was  made 
with  the  aid  of  a  synchronized  frequency  sweep  of  the  vicinity  of  para¬ 
magnetic  resonance  by  means  of  two  different  klystrons.  The  pulses 
were  usually  repeated  at  a  rate  considerably  smaller  than  the  relaxa¬ 
tion  rate.  The  time  between  the  saturation  and  the  Instant  of  measure¬ 
ment  of  the  absorption  can  be  readily  varied  by  changing  the  difference 
In  the  frequencies  radiated  by  the  strong  and  weak  generator  or  by 
changing  the  sweep  rate.  The  relaxation  times  determined  with  the  aid 
of  both  methods  turned  out  to  be  close  to  one  another,  with  the  excep- 


tlon  of  the  copper  salt.  The  obtained  values  of  together  with  the 

data  oh  the  line  width  are  presented  In  Table  5.7. 

-5  + 

For  the  Gd*^  salts,  the  observed  width  Is  connected  with  hyper- 
fine  Interactions,  and  the  times  T^^  vary  as  functions  of  the  studied 
transition  by  approximately  two  times.  They  depend  also  somewhat  on 
the  specimen  chosen,  on  the  concentration  of  the  Gd*^  Ion,  and  on  the 
temperature. 


TABLE  5.7 


1 

BcutecTuo 

(KoiitieuTpsuM*  <  1  :  100  nr.  %) 

It  iicpexoi 

2 

'ititaManiitT* 
infeiA  pa35a> 
B»Te;ib 

Ml,  »pcm 
(unipxiia  Ha  no* 

.tOUIIliC  MaNCM* 

Majiblioft  HIITeH- 

CHBHOCTH) 

4 

Tl  MS  BpeMCHH 
>KcnottcititiUjib* 
iioro  cnaAa,  eeK 

5 

Ti  MS  Hi* 
Cbiiucintfl, 
ceic 

Gd,Mg,(NO,)„.24H,0 

La 

2,0 

7.10-* 

IMO-* 

K,Cr(CN). 

Co 

12 

3- 10-' 

4 . 10-‘ 

i 

1 

Cu(NH,)j^S0,),-6H,0 

Zn 

20 

20 

2 

1)  Substance  (concentration  <1:100  atomic  ^); 
and  transition;  2)  diamagnetic  diluent;  3) 

AH,  oersted  (width  at  half  the  maximum  In¬ 
tensity);  4)  Tjj^  determined  from  the  time  of 

exponential  decrease,  sec;  5)  determined 

from  saturation,  sec. 


§5.6.  Solutions  of  Paramagnetic  Salts.  Theory 

1.  Until  now,  calculations  of  the  line  shape  of  paramagnetic  reso¬ 
nance  In  liquids  have  been  made  with  the  aid  of  the  correlation  theory. 
The  use  of  the  correlation  method  Is  quite  natural,  since  It  permits 
the  simplest  evaluation  of  the  effect  of  Brownian  motion  of  the  par¬ 
ticles  on  the  width  of  the  absorption  lines.  We  shall  describe  briefly 
this  method  and  Its  application  to  calculations  of  the  broadening  of 
resonance  lines. 
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Let  P(t)  be  a  certain  random  function  of  the  time,  the  mean  value 
of  which  Is  denoted  <F(t)>.  Let  us  assvime  that  <P(t)>  =  0.  The  corre¬ 
lation  function,  as  Is  well  known  [8l],ls  defined  as 

=  +  (5.69) 

Let  us  Introduce  the  Fourier  transform  I(v)  of  the  correlation  fiinc- 
tlon  defined  In  the  following  fashion: 

K(x)=rz  ^  L  {  /(’(t)e- (5«70) 

-«•  -00 

The  correlation  function  obviously  decreases  with  Increasing  t.  For 
most  cases  considered  below,  it  can  be  proved  that  the  decrease  In  the 
correlation  function  with  time  obeys  the  Markov  law: 

-ill 

(5.71) 

where  Is  a  certain  parameter  called  the  correlation  time.  Substlt- 
utlng  (5. 71)  In  (5«70)  we  obtain 

<M=4-(|F«)l*>Tq:^.  (5.72) 

Assume  that  we  have  a  quantum  system  with  energy  levels  E^,  sub¬ 
ject  to  the  action  of  time-varying  random  per tvirbat Ions  H'(t).  The 

» 

matrix  element  of  the  pertvirbatlon  Hj^i^(t)  will  be  a  random  function  of 
the  time.  Using  the  ordinary  theory  of  time -dependent  perturbations  we 
can  readily  show  that  the  probability  of  the  transition  of  a  quantum 
system  from  the  state  to  the  state  Ej^  under  the  Influence  of  the 
perturbation  ft'(t)  per  second  Is 

(5.73) 

With  the  aid  of  (5*72)  we  obtain  alternately 

(5-74) 
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For  further  calculations  It  Is  necessary  to  clarify  the  natxire  of  the 
relaxation  mechanism,  or  In  other  words,  the  origin  of  the  perturba¬ 
tion  H'  (t) . 


2.  The  first  theory  of  paramagnetic  resonance  line  shape  In  liq¬ 
uids  was  proposed  by  Bloembergen,  Pound,  and  Ptircell  [82].  To  be  siore, 
this  paper  dealt  specifically  with  nuclear  resonance,  but  Its  results 
can  be  directly  applied  to  liquid  electronic  paramagnets.  In  the  theory 
of  Bloembergen  et  al,  as  was  done  by  Waller  in  the  case  of  crystals. 

It  Is  assumed  that  the  relaxation  Is  due  to  magnetic  Interactions  of 

A  .  . 

the  particles.  Consequently,  the  perturbation  H'(t)  can  be  expressed 
with  the  aid  of  (5>9),  assuming  that  r,  iJ,  and  cp  are  time- varying  as  a 
result  of  Brownian  motion.  Let  us  assume  that  all  the  Zeeman  levels  of 
the  magnetic  particles  are  equidistant,  so  that  there  Is  only  one  Lar- 
mor  precession  frequency  Vq.  If  we  calculate  the  nondlagonal  matrix 
elements  A'(t),  carry  out  the  necessary  averaging,  and  then  substl- 
tute  the  resultant  expressions,  for  In  (5*^0),  we  obtain  for  the 
time  of  longitudinal  relaxation 

TT”  sF +  r+  (5*75) 

k 

If  r  Is  the  distance  between  two  Interacting  particles,  then  we  must 
assume  the  correlation  time  to  be  the  average  time  necessary  for  this 
distance  to  double  as  a  result  of  Brownian  motion.  Thus,  the  quantity 
T  will  naturally  be  a  function  of  r,  namely  t  =  r  /12D,  where  D  Is 

W  V 

the  diffusion  coefficient,  the  value  of  which  Is,  by  Stokes'  formula: 


D=z 


*r. 


(5.76) 


Here  a^  is  the  radius  of  the  particle  and  t]  the  viscosity  coefficient. 
Recognizing  that  the  Inequality  27tvt  «  1  holds  true  for  all  par- 
tides  that  are  sufficiently  close  to  one  another  to  make  their  Inter¬ 


action  significant  In  the  relaxation  process  we  obtain  from  formula 
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{5*75)>  after  replacing  the  summation  by  Integration  with  respect  to  r, 

1  _  8n«^mil5(5+l)  (a  yyX 

r,  “  A**r  *  \  •  1 1  / 

Bloembergen,  Purcell,  and  Pound  took  account  also  of  the  Influ¬ 
ence  of  the  Brownian  motion  on  the  magnitude  of  the  transverse  relaxa¬ 
tion  time.  This  question  was  subsequently  Investigated  In  detail  In 
[30-32].  An  estimate  of  the  transverse  relaxation  time  due  to  magnetic 
Interaction  of  the  particles  can  be  carried  out  In  accordance  with  the 
following  formula: 


Ar,=|i|^S(i+i)2<-4>-  <5.78) 


If  Tp  «  Tg,  we  obtain  from  (5.78),  after  carrying  out  the  transforma¬ 
tions  Involved  In  going  over  from  (5.75)  to  (5.77), 


I  48«* 
r,  ~  5  A**r 


5(5+1). 


(5.79) 


By  way  of  an  example  let  us  point  out  that  for  an  aqueous  solu- 

OQ  O 

tlon  of  a  salt  of  divalent  manganese  we  obtain  for  Nq  »  6*10  cm”'^ 

from  (5.77)  a  value  l/T^^  »  4.10^  aec"^. 

It  must  be  borne  In  mind  that  at  large  paramagnetic -Ion  concen¬ 
trations  the  line  shape  can  be  appreciably  Influenced  also  by  exchange 
Interactions.  However,  experiments  on  paramagnetic  resonance  In  Ionic 
solutions  are  set  up  for  the  most  part  at  such  low  magnetic -par tide 
concentrations  that  the  relaxation  mechanism  Is  determined  no  longer 
by  magnetic  or  exchange  Interactions. 

3.  Prom  an  analysis  of  the  experimental  data  on  paramagnetic  ab¬ 
sorption  In  solutions,  Kozyrev  [83]  arrived  at  the  conclusion  that  the 
solvate  complex  formed  of  the  paramagnetic  Ion  and  the  dipole  mole¬ 
cules  of  the  solvent  surrounding  It  has  so  high  a  stability,  that  It 
can  be  regarded  In  experiments  on  paramagnetic  resonance  as  a  unique 
type  of  "microcrystal."  Therefore  the  "spin-lattice"  Interactions  In 
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solutions  turned  out  to  be  In  many  respects  analogous  to  those  occur¬ 
ring  In  solids.  The  "spin-spin"  share  of  the  absorption  line  width  Is 
connected  with  the  fact  that  the  "microcrystals"  are  randomly  oriented 
In  the  solution;  this  should  lead  to  a  broadening  of  the  line  due  to 
the  possible  anisotropy  of  the  £  factor,  and  also  because  the  split¬ 
tings  of  the  spin  levels  by  the  "crystalline"  electric  field  depend  on 
the  orientation  of  the  "microcrystal"  In  the  external  field  Hq. 

McConnell  [84]  considered  the  following  relaxation  mechanism, 
connected  with  the  presence  of  stable  solvate  shells.  When  the  "micro¬ 
crystal"  rotates  under  the  Influence  of  the  Brownian  forces,  the  In¬ 
tervals  between  the  spin  levels  of  the  paramagnetic  Ion  change.  There¬ 
fore  energy  will  be  exchanged  between  the  paramagnetic  Ions  and  the 
Brownian  motion  when  the  "microcrystal"  rotates. 

2+ 

McConnell  carried  out  calculations  for  the  Cu  Ion,  for  which  he 
assumed  the  following  spin  Hamiltonian: 

=  P  +  AIA  +  B  0,3,  +  (5.80) 

Here  r,  and  £  are  unit  vectors  of  the  rectangular  coordinate  system 
rigidly  connected  to  the  octahedron  of  water  molecules.  XYZ  denotes  a 
stationary  system  of  coordinates;  the  direction  of  the  external  mag¬ 
netic  field  Hq  Is  assimied  to  coincide  with  the  Z  axis.  The  spin  Hamil¬ 
tonian  can  be  represented  In  the  form 


2^i)  +  2fl)  SI.  ( 5 . 81 ) 

The  principal  part  of  the  Hamiltonian  Hq  remains  constant  In  time. 
Calculating  the  matrix  elements  of  the  time-varying  perturbation  H'  (t) 
and  substituting  In  (5.74)  and  (5.40),  we  obtain 


r,  ~  15  1  +  ' 

^g—g\\~gXj  b=A--B. 


(5.82) 


For  the  correlation  time  we  can  assume  an  expression  that  follows  from 
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the  well-known  Debye  theory  [82]: 


_4nnfl} 


(5.83) 


McConnell  considered  also  the  contribution  made  to  the  transverse 
relaxation  time  Tg  by  the  Brownian  rotation  of  the  microcrystals,  at 
which  the  resonant  conditions  vary.  The  broadening  of  the  paramagnetic 
resonance  lines  of  a  particle  whose  state  Is  described  by  the  spin 
Hamiltonian  (5.80)  can  be  described  with  the  aid  of  the  following  for¬ 
mula  for  the  time  Tgi 


-I,  ==  *5  -f  bl,y  /r>  arctg  (5.84) 

Prom  formulas  (5-82)  and  (5-84)  follow  two  Interesting  facts:  l) 
the  absorption  line  width  should  depend  strongly  on  the  field  Inten¬ 
sity  Hq;  2)  different  hyperflne  components  of  the  paramagnetic  reso¬ 
nance  line  should  have  different  widths. 

McGarvey  [85]  extended  McConnell's  theory  to  Include  Ions  with 
S  >  1/2.  For  Cr^"^  he  assumed  a  spin  Hamiltonian 


and  obtained 


j5(S4-i)] 

_  32«*  £>•  r__tc_  j_ 
r,  ~  5  A*  [I  +  4«*t*v{  t  1  +  J  * 


r,=T5  IP 


r,  • 


(5.85) 

(5.86) 

(5.87) 


For  the  Ions  Mn^"^  and  Fe^'*’,  the  following  term  was  added  to  the 


spin  Hamiltonian  (5.75): 

ifl[(5i  +  5;+5;)-y5(5+l)(35*+  3S~  1)]. 
Calculations  have  shown  that 

I  _l6r.*a*r  67t,  ,  52te  1 

r,~  25  A*  [  l+4;t*t*v|  T  I -f.|6«*T'>{J' 

1 = arctK  4-  arete 

r,  5  A»  r,  T  nnsST^F  r,  ■ 


(5.88) 

(5.89) 

(5.90) 


In  the  calculation  of  It  was  assiuned  that  a  =  0.  All  the  calcu- 
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latlons  were  made  under  the  assumption  that  the  fine  components  of  the 

■3+  2+  '^+ 

Cr-'  and  of  the  Mn  and  Fe-"  lines  merge  Into  one  line. 

4.  We  shall  show  below  that  In  many  cases  the  experimental  data 
on  the  dependence  of  the  resonant  line  widths  on  the  temperature  and 
on  the  Intensity  of  the  static  magnetic  field  cannot  be  explained  by 
means  of  McConnell's  theory.  Al'tshuler  and  Vallyev  [86]  proposed  that 
the  principal  mechanism  that  guarantees  longitudinal  (spin-lattice) 
relaxation  consists  of  the  following. 

In  solid  paramagnetic  Ionic  crystals,  the  paramagnetic  particle  M 
together  with  the  nearest  diaimagnetlc  particles  X  usually  forms  a  para¬ 
magnetic  complex,  for  example  MXg  (M  Is  the  metal  Ion  and  X  a  water 
molecule  or  some  other  diamagnetic  particle),  the  Interactions  within 
which  must  be  taken  Into  a<fto\int  first  of  all  In  explaining  the  mag¬ 
netic  properties  of  the  substances.  In  liquids,  the  presence  of  the 
solvate  shell  enables  us  to  make  a  similar  assumption.  It  can  be  as¬ 
sumed  that,  at  least  for  a  time  longer  than  the  correlation  time  of 
the  "spin-lattice  Interaction,"  the  paramagnetic  Ion  together  with  the 
nearest  solvent  molecules  forms  a  stable  complex,  the  oscillations  of 
which  can  be  characterized  by  a  set  of  normal  coordinates  the 
Brownian  motion  of  the  liquid  molecules  pertvirbs  the  oscillations  of 
the  paramagnetic  complex  and  thereby  changes  the  electric  field  in 
which  the  paramagnetic  particle  Is  situated.  These  changes  Influence 
the  spln-orblt  Interaction  of  the  electrons  of  the  paramagnetic  Ion 
and  consequently  can  lead  to  a  reorientation  of  Its  magnetic  moment. 

If  we  expand  the  matrix  element  of  the  "spin-lattice  perturbation" 
In  normal  coordinates 

(5.91) 

( 

and  denote  the  mean  oscillation  frequency  of  the  paramagnetic  complex 
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(5.92) 


^Qt  we  obtain  with  the  aid  of  (5.7^) 

_2 

Here  Q  Is  the  average  value  of  the  square  of  the  oscillator  amplitude, 
which  can  be  calculated  from  the  formula  [8l]: 


* 


'  Sxmvt 


cth 


(a&)' 


(5.93) 


where  m  stands  for  the  mass  of  the  complex.  The  oscillations  of  the 
paramagnetic  complex  will  be  perturbed  by  the  action  of  the  surround¬ 
ing  particles,  which  execute  Brownian  motion.  Therefore  the  correlation 
time  Is  natiirally  defined  as  the  reciprocal  of  the  damping  coefficient 
y,  which  can  be  estimated  from  the  line  width  of  the  satellites  In  the 

combination  spectra  of  the  paramagnetic  Ions:  y  «  10  cm"^  auid  t  ~  l/y 
12 

»  10“  sec.  From  the  experimental  data  [87]  on  the  temperature  de¬ 
pendence  of  the  line  width  of  the  vibrational  structure  of  the  optical 
spectra  of  Ions  In  crystals  it  follows  that  the  width  Increases  with 
the  temperatxire  approximately  as  J~T.*  In  this  case  the  temperature 
dependence  of  the  probability  of  the  relaxation  transition  will  be  de¬ 
termined  by  the  formula 


when  «  1  and 


Vk 


'^y-ctb 


(5.94) 


(5.95) 

When  »  1. 

Let  us  consider  some  typical  paramagnetic  ions. 

2+ 

Cu  .  The  system  of  energy  levels  arising  In  a  strong  cubic  field, 
a  weak  field  of  lower  symmetry,  and  an  external  magnetic  field  Hq  Is 
shown  In  Pig.  5.5.  This  case  Is  characterized  by  the  presence  of  two 
relatively  close  orbital  levels,  the  Interval  between  which  Is  on  the 
order  of  1000  cm“^  In  solid  salts.  The  width  of  the  resonance  lines  in 
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-ti 
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-a 


Pig*  5*5*  Successive 
splitting  of  the  en- 

ergy  level  of  Cu 
under  the  influence 
of  a  strong  cubic, 
weak  tetragonal,  and 
external  magnetic 
field. 


liquids  tvirns  out  to  be  determined  by  the  re¬ 
laxation  transitions  between  these  energy 
levels  without  a  change  In  spin  direction. 

For  the  width  of  the  resonance  line  we  obtain 


the  following  expression 

_,«/i6  #11  7*\*  gr.  ,  M 
*\T  'W~ 


k 

uT 


(5.96) 


Here  R  Is  the  equilibrium  distance  from  the 
2+ 

Cu  Ion  to  the  water  molecule,  the  dipole 
moment  of  which  Is  equal  to  p,.  In  contradis¬ 
tinction  to  the  McConnell  theory.  It  follows 

from  this  formula  that  the  width  should  be 

-1 


Independent  of  the  field  Hq.  If  we  assume  Vq  »  500  cm 
temperature  dependence  will  be  given  by  the  formula 


A.=Kfexp(-5^). 


[ 88 ] ,  then  the 


(5.97) 


The  connection  between  the  relaxation  time  and  the  half-width  Is  In 
this  case  somewhat  linusual  and  has  the  form 


Tx 


A 


(5.98) 


It  Is  Interesting  to  note  that  unlike  Av,  quantity  l/T^  decreases 
with  Increasing  temperature.  This  seemingly  strange  dependence  of  the 
relaxation  time  on  the  temperatvire  is  e^qjlalned  by  the  fact  that  In 
our  case  the  specific  heat  of  the  spin  system  Increases  more  rapidly 
upon  heating  than  the  probabilities  of  the  relaxation  transitions.  It 
must  be  borne  In  mind  that  the  nonequilibrium  distribution  of  the  par¬ 
ticles  among  the  levels  a,  —1/2  and  a,  1/2  (or  the  levels  b,  -1/2  and 
b,  1/2)  cannot  be  annihilated  with  the  aid  of  the  relaxation  transi¬ 
tions  a,  —1/2  b,  —1/2  and  a,  1/2  -♦■b,  1/2.  Therefore,  In  addition  to 
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time  T^,  there  will  exist  still  another  relaxation  time  the  value 

of  which  can  be  estimated  from  the  formula 

(5.99) 

r\  Aj  M7  *•  yyf 

Cr^^.  Calculations  have  been  made  for  two  extreme  cases,  a  strong 
magnetic  field  and  a  weak  one.  If  the  field  Hq  Is  strong  and  the  spin 
levels  are  equidistant,  then 


where 


I  dfi  O' 

n=2o-^('3*f+N)t; 
«,  =  54 

4J  ^  • 

_I2  -  324X«<,,  (?i  55r*\ 

*  175  Aj  U* 


(5.100) 


On  the  other  hand  If  Hq  =  0,  then 

n=“?W+4v  (5.101) 

Taking  Into  account  the  fact  that  for  the  chrome  complexes  Vq  » 

w  800  cm"^  [88],  we  obtain  «  Tg. 

3+ 

Mi  .  If  we  denote  by  D  the  spin  Hamiltonian  constant  that  deter¬ 
mines  the  splitting  of  the  spin  levels  In  the  zero  magnetic  field,  we 
find  that 


r, 


=c 


D’Q* 

Ft?* 


(5.102) 


where  In  the  case  of  a  strong  magnetic  field  C  =  (27^*64. 12 )/35;  on 

the  other  hand.  If  Hq  =  0,  then  C  =  (36* l6. 157)/?.  At  ten^eratures 

300-4oo°K  we  have  hVQ  «  kT  for  Mn^'*’  [56],  and  therefore  the  quantity 

1/T-^  first  decreases  on  heating,  and  then  begins  to  Increase. 

§5.7.  Solutions  of  Paramagnetic  Salts.  E;g>erlmental  Results 

As  was  indicated  In  Chapter  4,  paramagnetic  absorption  In  liquid 
2+ 

solutlons  of  Mn  salts  was  first  observed  by  Zavoyskly.  He  Investi¬ 
gated  this  absorption  at  frequencies  1-10  Mcs  In  the  presence  of  static 
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magnetic  fields,  situated  both  perpendicular  and  parallel  [89]  to  the 
oscillating  magnetic  field.  Later  on  a  series  of  measurements  of  the 
paramagnetic  resonance  line  widths  was  undertaken  not  only  In  solu- 
tlons  of  Mn  [90-94],  but  also  for  other  Ions  of  the  Iron  group  and 
the  Ion  Gd^"*"  [64,  94,  84,  85].  Some  complex  Ions  were  Investigated 
along  with  the  simple  ones  [95,  85].  The  measiirements  have  shown  that 
AH  In  solutions  depends  strongly  on  the  character  of  the  Ion,  on  the 
solvent,  and  on  the  temperature.  The  limiting  width  reached  at  suffi¬ 
ciently  low  concentrations,  which  Is  Independent  of  fiirther  dilution, 
has  different  values  for  different  Ions.  In  particular.  In  solutions 
of  the  salts  of  hydrated  Ions  Tl^'*’,  Pe^'*’,  and  Co^"'’  the  lines  turned 
out  to  be  so  broad,  regardless  of  the  dilution,  that  no  resonance  ef¬ 
fect  was  observed.  The  reason  for  failure  to  observe  the  effect  Is  ap¬ 
parently  the  rather  short  spin-lattice  relaxation  time.* 

TABLE  5.8 

Absorption  Line  Width  In  Aque¬ 
ous  Solutions  of  Iron-Group 
Salts  at  Room  Temperature 


.  B«me<Tiio 

^OHItCHTpa- 
nua  Mo.ibf4 

4//,  tpcm  2 

.  ?,  AUn  ^ 

MnCl, 

4,0 

300 

10 

> 

3,0 

255 

10 

> 

2,0 

200 

10 

> 

1.0 

131 

10 

> 

0.5 

90 

10 

> 

0,1 

48 

10 

> 

0,{« 

41 

10 

> 

0,03 

38 

10 

> 

0,01 

35 

10 

Cr(NO,). 

3,0 

440i:20 

9452 

» 

2,0 

310±20 

9452 

> 

1.5 

270±20 

9452 

» 

1.0 

240±20 

9452 

> 

0,6 

220±20 

9452 

> 

0,4 

200J:20 

9452 

> 

0,2 

I90±20 

9452 

Cu(NO,', 

4 

140 

207 

> 

2 

140 

207 

> 

1 

140 

207 

> 

0,5 

140 

207 

CuQ, 

4 

225 

207 

t 

3 

185 

207 

» 

2 

160 

207 

> 

1 

140 

207 

1)  Substance;  2)  concentration, 
mole/llter;  3)  oersted;  4)  Mcs. 
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In  Investigations  made  In  the  frequency- 
range  10-10^  Mcs  [64],  the  effect  Is  absent 
In  salts  of  ions  having  an  even  nxunber  of 
electrons  (Cr^'*’,  Nl^'*',  this  can  be  at¬ 

tributed,  as  In  the  case  of  solid  salts,  to 
the  smallness  of  the  quantum  of  radio  fre¬ 
quency  fields  as  compared  with  the  Initial 
splitting  of  the  spin  sublevels. 

Certain  data  on  the  values  of  AH  In  Iron- 
group  ions  at  room  temperatvires  are  listed  In 
Table  5.8. 

For  certain  Ions  (Mn^"^,  Cr^'*’,  Cu^"*”),  an 
Investigation  was  made  of  the  temperature  de¬ 
pendence  of  AH  [94].  This  dependence  Is  shown 
In  Figs.  5* 6-5* 8. 

The  following  conclusions  can  be  drawn 
concerning  the  line  width  In  solutions. 

1)  In  highly  concentrated  solutions  one  observes  sometimes  rela¬ 
tively  narrow  lines  without  a  hyperflne  structure.  The  lines  broaden 
upon  dilution  and  a  hyperflne  structure  arises.  An  example  of  this  are 
solutions  of  VOClg,  Investigated  by  Garif'yanov  and  Kozyrev  [96].  It 
must  be  assvimed  that  considerable  exchange  Interactions  take  place  In 
very  concentrated  solutions  of  this  ion.  An  analogous  fact  was  noted 
also  In  liquid  melts  of  hydrated  salts  of  Mn^'*’  [93]- 

2)  In  solutions  of  Cr^'*’  salts  one  observes  at  not  too  high  con¬ 
centrations  a  narrowing  down  of  the  lines  on  dilution  [64,  85].  This 
narrowing  down  should  be  attributed  to  the  reduction  In  the  magnetic 
dipole  Interactions,  and  perhaps  partially  also  to  the  Increase  In  the 
symmetry  of  the  local  electric  fields  acting  on  the  Ions,  and  conse- 
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Fig.  5*6.  Dependence 
of  the  line  width  AH 
on  the  temperatiire 
In  aqueous  solutions 
of  MnClg  of  varying 

concentrations,  l) 
0.005  mole/liter;  2) 
0.5  mole/liter;  3) 

1  mole/liter;  4)  1 
mole /liter  MnClg  +  3 

mole/liter  LlClj  5) 

2  mole/liter  MnClg. 

V  =  12.6  Mcs.  A)  AH, 
oersted. 


AHjpemei  A 


Fig-  5-7-  Dependence 
of  the  line  width  on 
the  temperature  In 
aqueous  solutions  of 
trlvalent  chromium 
of  varying  concen¬ 
tration.  l)  0.4 
mole/llter;  2)  1.5 
mole/llterj  3)  3 
mole/llter  CrfHgO)^- 

(NO^)^^  1  mole/ 

/liter  [Cr(H20)2^- 
ClgjCl.  A)  AH,  oer¬ 
sted. 


Pig.  5- 8-  Dependence 
of  AH  on  the  tem¬ 
perature  In  an  aque¬ 
ous  solution  of  1 
mole/llter  Cu(N02)2- 

The  curve  Is  a  plot 
of  the  equation  AH  = 

=  aT^.  A)  AH,  oer¬ 
sted. 


quently  to  the  reduction  In  the  "scatter"  of 
the  unresolved  fine -structure  peaks.  As  to 
the  limiting  line-width,  which  Is  no  longer 
dependent  on  further  dilution.  It  may  be  due 
either  to  spin-lattice  Interaction  or  to  the 
scatter  of  the  fine-structure  peaks. 

3)  In  aqueous  solutions  of  Cu  salts 
[64],  the  line  width  Is  Independent  of  the 
concentration  and  of  the  viscosity  (Inasmuch 
as  the  latter  decreases  to  approximately  one 
fifth  as  the  concentration  Is  varied  from  4 
to  0.5  moles/llter) .  Therefore  the  width  can¬ 
not  be  related  In  this  case  to  the  spin-spin 
Interactions,  and  should  be  ascribed  to  spln- 
lattlce  Interactions. 

A  comparison  of  the  experimental  results 
with  the  proposed  theories  Is  best  made  for 
each  Ion  Individually. 

Cr3+.  Independence  of  AH  of  the 
field  Intensity  Hq  Is  equally  well  explained 
either  by  the  calculations  of  Al'tshuler  and 
Vallyev  or  by  those  of  McOarvey.  The  same  per 
tains  also  to  the  qualitative  explanation  of 
the  AH(T)  dependence.  There  are,  however,  ex¬ 
perimental  Indications  that  at  approximately 
250°C  the  lines  begin  to  broaden  with  Increas 
Ing  temperature;  this  broadening  can  be  under 


stood  only  with  the  aid  of  the  theory  of  Al'tshuler  and  Vallyev. 

P+  + 

Mn  ,  .  The  McOarvey  calculations  cannot  explain  the  sharp 


oj.  34* 

difference  In  the  line  width  measured  In  the  solutions  of  Mn  and  Pe"' 
Ions,  and  also  the  broadening  of  the  Mn^"^  line  resulting  from  heating 
above  70°C.  The  theory  of  Al'tshuler  and  Vallyev  makes  It  possible  to 
understand  the  observed  AH(T)  dependence,  while  the  difference  In  the 
width  of  the  Mn  and  Pe-*  lines  Is  at  any  rate  not  In  contradiction 
with  this  theory. 

Cuf^.  Por  the  Cuf^  Ion,  the  Al'tshuler  and  Vallyev  theory  explains 

cLC^ 

both  the  Independence  of  AH  of  Hq  and  of  the  concentration,  and  the 
line  broadening  upon  heating.  However,  In  solutions  of  complex  copper 
salts,  which  give  resolved  hyperflne  structure  peaks  [97],  one  ob¬ 
serves  that  Influences  the  width  of  the  Individual  peaks.  This  de¬ 
pendence  of  AH  on  I  In  the  case  of  complex  copper  Ions  Is  e35>lalned 
qualitatively  by  McConnell's  theory.  The  same  pertains,  apparently,  to 
solutions  of  vanadlxmi  salts,  where  the  width  of  the  hyperflne  struc- 
tiore  peaks  also  depend  on  I^. 

Recently,  Tlshkov  [98]  measured  paramagnetic  relaxation  In  paral¬ 
lel  fields  In  solutions  of  Mn^'*’  salts  In  water,  glycerine,  and  water- 
glycerine  mixtures.  The  principal  results  obtained  by  him  reduce  to 
the  following. 

1)  The  experimental  x"(H||)  are  well  described  by  the  theory  of 
Caslmlr  and  du  Pre  with  account  of  the  spin-spin  relaxation  as  made  by 
Shaposhnlkov. 

2)  The  value  of  t  Increases  with  Increasing  field  H|| .  The  depend¬ 
ence  of  t(H||  )  Is  In  good  agreement  with  the  Brons-Van  Vleck  formula. 

pi 

3)  When  the  concentration  of  Mn  Is  decreased  from  3  to  1 
mole/llter  In  an  aqueous  solution  of  Mn(N02)2,  "the  value  of  t  Increases 
somewhat;  further  dilution  does  not  affect  t. 

4)  A  change  In  the  microscopic  viscosity  of  the  solution  does  not 
affect  T, 
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5)  A  change  In  the  nearest  siirroundlng  of  the  Mn^"^  Ion  brings 
about  a  change  In  t. 

6)  The  value  of  t  as  a  function  of  the  temperature  goes  through  a 
maximum  corresponding  to  approximately  20 °C  for  1  mole  of  solution  of 
Mn(N02)2  In  water. 

None  of  these  results  contradict  the  Al'tshuler  and  Vallyev  the¬ 
ory,  while  the  temperature  dependence  of  t  confirms  this  theory  di¬ 
rectly. 

Summarizing,  we  can  state  that  In  the  case  of  Ions  with  a  small 
anisotropy  of  the  ^  factor,  the  spin-lattice  relaxation  mechanism  Is 
the  perturbation  of  the  solvate  complex  by  the  Brownian  motion.  Such 
Ions  are,  for  example,  Mn^"*",  Cr^'*’,  and  the  hydrated  Cu^"*"  Ions.  On  the 
other  hand.  In  the  case  of  Ions  having  a  strong  g-factor  anisotropy 
(complex  Ions  of  Cu  and  possibly  of  VO  ),  the  stronger  relaxation 
mechanism  Is  the  one  connected  with  the  rotation  of  the  solvate  com¬ 
plex. 

§5»8.  Line  Shape  under  Saturation.  Conditions 

One  speaks  of  satxiratlon  of  paramagnetic  resonance  when  a  notice¬ 
able  dependence  of  the  magnitude  of  the  effect  and  of  the  resonance 
line  shape  on  the  power  of  the  alternating  field  Is  observed.  The  char 
acter  of  the  saturation  can  be  twofold,  corresponding  to  two  possible 
types  of  absorption  line  broadening  [99].  We  shall  call  a  broadening 
uniform.  If  the  absorbed  energy  of  the  radio  frequency  field  Is  dis¬ 
tributed  among  all  the  spins  In  such  a  way  that  thermodynajnlc  equlllb- 
rlxim  Is  not  disturbed  during  the  paramagnetic  resonance  processes.  One 
can  name  the  following  sources  of  uniform  broadening; 

1)  dlpole-dlpole  Interaction  between  Identical  magnetic  particles 

2)  spin-lattice  Interaction; 

3)  Interaction  between  the  spins  and  the  radiation  field; 
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4)  exchange  Interactions; 

5)  motion  of  paramagnetic  centers  In  a  radio  frequency  field; 

6)  diffusion  of  the  excited  spin  system  within  the  paramagnet. 

We  are  already  acquainted  with  some  of  these  broadening  mechan¬ 
isms,  while  others  are  encountered  In  the  study  of  the  effect  In 
metals,  semiconductors,  and  other  paramagnets. 

If  the  broadening  Is  due  to  Inhomogenelty  of  the  local  magnetic 
field,  then  the  radio  frequency  energy  Is  transferred  only  to  those 
spins  for  which  the  Intensities  of  the  magnetic  field  satisfy  the 
resonance  condition.  If  at  the  same  time  the  processes  within  the  spin 
system  occ\ir  at  a  slower  rate  than  the  energy  exchange  between  the 
spins  and  the  lattice  vibrations,  then  the  spin  system  does  not  have 
time  to  reach  thermodynamic  equilibrium.  A  broadening  of  this  type 
will  be  called  nonuniform.  In  this  case  It  Is  convenient  to  visualize 
the  paramagnet  as  an  aggregate  of  spin  packets,  which  do  not  Interact 
with  one  another  at  all.  To  each  packet  belongs  a  certain  absorption 
line,  the  width  of  which  Is  determined  by  the  dlpole-dlpole  Interac¬ 
tions.  The  reaction  of  the  entire  paramagnet  to  the  external  Interac¬ 
tions  consists  of  the  Independent  reactions  of  the  Individual  packets. 
It  Is  therefore  clear  that  such  a  system  will  behave  entirely  differ¬ 
ently  from  a  paramagnet  with  xinlform  broadening  mechanism. 

By  way  of  an  example  we  can  list  the  following  sources  of  nonuni¬ 
form  broadening: 

1)  hyperflne  Interaction  of  the  spins  of  the  paramagnetic  centers 
with  the  nuclear  moments  of  the  surrounding  dleunagnetic  particles; 

2)  anisotropy  of  the  spin-level  splittings; 

3)  dipole  Interaction  between  spins  with  different  Larmor  preces¬ 
sion  frequencies; 

4)  Inhomogenelty  of  the  applied  static  magnetic  field. 
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If  the  broadening  Is  uniform,  then  It  Is  easy  to  show  that  para¬ 
magnetic  absorption  Is  determined  by  the  following  formula: 

X"(^)= I  - .  (5.103) 

i  +  Yf«!r,f(v-v.) 

In  the  present  case  we  write  for  the  form  fmctlon  g(v)  (see  §1.3) 
g(v  —  Vq),  for  we  are  also  Interested  In  Its  dependence  on  the  reso¬ 
nant  frequency  Vq. 

In  order  to  obtain  the  Bloch  formula  iinder  resonance  conditions, 
we  put 

^r(0)=2r,:  (5.104) 

then 


//A 

/,  ”  I  » 


(5.105) 


which  coincides  with  formula  (5.2)  when  v  =  Vq.  The  dispersion  Is 
characterized  by  the  following  expression; 


X'W  =  TXaV.--r— ^ 


(5.106) 


Let  us  assume  now  that  the  broadening  Is  not  uniform.  Let  the 
distribution  of  the  local  fields  be  specified  by  the  function  h(v  —  Vq), 
so  normalized  that 


09 


—  'y,)rfv  =  1. 


In  analogy  with  (5.104)  It  Is  convenient  to  Introduce  the  time 


■O’ 

4» 


(5.107) 

For  absorption  In  the  nonuniform  case  we  have 

(5.108) 

jF  l+y7*«fr,r(»-V) 
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Since  the  total  width  is  large  compared  with  the  width  of  the  line  of 
an  individual  spin  packet,  this  e^qjression  can  he  simplified  to  the 
form 


OD 

z"  C'*) = y  0  —  M  f - - *'• 

•  '  J  1  ^  '*  "•*^*‘**  ■“  ' 


(5.109) 


The  corresponding  formula  for  the  dispersion  has  the  form 

x>(v)=x«J-yiv^^rfv>.  (5.110) 


We  see  that  in  the  case  of  nonuniform  broadening  the  absorption 
line  shape  does  not  change  upon  saturation,  since  the  Integral  in 
(5.109)  is  Independent  of  v.  The  character  of  the  dependence  of  the 
maximum  absorption  on  the  power  of  the  alternating  magnetic  field  is 
determined  by  the  form  function  g(v  -  Vq).  Consequently  an  experimen¬ 
tal  study  of  the  sat\iratlon  of  lines  with  imlform  broadening  makes  it 
possible  to  determine  the  form  function  g(v  —  Vq),  though  it  is  masked 
in  the  present  case  by  the  total  broadening. 

In  conclusion  it  must  be  noted  that  under  sat\iratlon  conditions 
the  Kramers -Kronlg  relations  (I.I8)  no  longer  are  valid.  Relations 
(1.18)  are  a  direct  consequence  of  the  fact  that  the  complex  suscep¬ 
tibility  becomes  an  analytic  fimction  of  the  frequency  in  the  lower 
half  of  the  complex  plane.  Van  Vleck  has  shown  that  this  condition 
follows  from  the  linearity  of  the  system.  Since  the  linearity  of  the 
system  is  dlstiirbed  under  saturation  conditions,  it  is  understandable 
why  the  Kramers -Kronig  relations  must  be  reviewed. 

Recently  Tomlta  [100]  proposed  a  general  theory  of  paramagnetic 
resonance  under  saturation  conditions;  he  explained  at  the  same  time 
many  interesting  phenomena  that  are  encountered  in  the  observation  of 
both  electron  and  nuclear  paramagnetic  resonance. 
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In  many  cases  of  nonuniform  broadening,  the  saturation  Is  never¬ 
theless  linlform  owing  to  cross  correlation. 

§5.9.  Cross  Correlation 

The  two  characteristic  time  parameters  T-j^  and  Tg  (or  t  and  t') 
are  not  always  sufficient  for  a  description  of  the  paramagnetic  relax¬ 
ation  processes.  Thus,  at  very  low  temperatures  It  becomes  necessary 
to  take  Into  account  the  time  required  to  establish  thermal  equilib¬ 
rium  between  the  lattice  and  the  helium  thermostat.  In  the  case  of 
strong  exchange  Interactions  It  Is  necessary  to  separate  the  "exchange 
system"  and  Introduce  new  time  parameters  characterizing  the  rate  of 
establishment  of  equilibrium  between  this  system  and  the  lattice,  the 
Zeeman  system,  etc.  Developing  fiarther  the  researches  of  Kronlg  and 
Bouwkamp  [101],  of  Gorter  [102],  and  of  Abragam  and  Proctor  [I03], 
Bloembergen  [104]  showed  that  a  large  group  of  phenomena  can  be  ex¬ 
plained  from  a  unified  point  of  view  by  Introducing  the  concept  of 
cross  correlation. 

We  shall  henceforth  assume  always  that  Tg  «  T^.  The  spin-spin 
relaxation  time  Tg  has  a  twofold  significance:  first,  the  quantity 
l/Tg  Is  of  the  order  of  the  resonant  paramagnetic  absorption  line 
width;  second,  the  quantity  Tg  Is  the  time  necessary  to  establish 
thermal  equilibrium  within  the  spin  system. 

If  the  Zeeman  and  the  Intracrystalllne  Stark  splittings  of  the 
spin  levels  are  much  larger  than  the  average  Interaction  energy  be¬ 
tween  the  spins  of  two  neighboring  magnetic  particles,  the  second  In¬ 
terpretation  of  the  time  Tg  becomes  meaningless.  In  this  case,  the 
conversion  of  the  Zeeman  and  Stark  energies  Into  the  energy  of  dipole - 
dipole  Interaction  Is  difficult,  and  consequently  one  cannot  speak  of 
a  single  spin  system.  The  rate  of  establishment  of  thermal  equilibrium 
between  the  system  of  Individual  spin  levels  of  the  paramagnetic  pan?- 
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tides,  on  the  one  hand,  and  the  system  of  dlpole-dlpole  interactions 
on  the  other,  will  be  characterized  with  the  aid  of  the  "cross  relaxa¬ 
tion  time"  Greatest  Interest  Is  attached  to  the  case  <  T^, 

which  we  shall  now  consider. 

We  assume  first  that  the  paramagnet  contains  magnetic  particles 
of  one  sort  with  effective  spin  S'  =  1/2.  Let  the  Zeeman  splitting  of 
the  Individual  Ion  hv-j^g  =  SPHq  be  so  large  that  the  energy  of  Inter¬ 
action  between  spins  of  different  particles  can  be  regarded  as  a  per- 
tiirbatlon.  It  Is  necessary  to  calculate  the  probability  that  an  energy 
quantum  hv^g  will  be  converted  as  a  result  of  the  realignment  of  the 
magnetlc-dlpole  system  Into  the  energy  of  dlpole-dlpole  Interaction. 
Direct  application  of  perturbation  theory  is  impossible,  owing  to  the 
tremendous  number  of  degrees  of  freedom  of  the  spin  system.  It  Is  sim¬ 
plest  to  attain  our  purpose  by  means  of  a  mixed  method,  which  combines 
perturbation  theory  and  the  method  of  moments. 

Successive  application  of  perturbation  theory  calls  for  the 
knowledge  of  the  eigenvalues  of  that  part  of  the  dlpole-dlpole  Inter¬ 
action  operator  which  commutes  with  the  Zeeman-energy  operator.  In 
order  not  to  consider  the  tremendous  number  of  energy  levels  which  are 
eigenvalues  of  the  matrices  A  and  B  (5*9),  which  commute  with  the  Zee- 
man-energy  matrix,  we  Introduce  a  form  function  g(v),  which  has  a  sym¬ 
metrical  maximum  at  the  point  v^^g.  The  transitions  between  energy  lev¬ 
els  of  these  dipole  systems  are  brought  about  by  that  part  of  the  dl¬ 
pole-dlpole  Interactions  which  is  represented  by  matrices  C  and  D, 
which  do  not  commute  with  the  Zeeman  energy  matrix.  We  shall  see  below 
that  In  our  case  we  can  disregard  the  terms  E  and  F.  In  the  first  ap¬ 
proximation  of  the  theory  of  time-dependent  perturbations,  the  proba¬ 
bility  of  transition  of  the  Zeeman  energy  hv^^g  Into  dipole  energy  Is 

-  285  - 


We  denote  here  by  0^2  the  nondiagonal  element  of  the  matrix  C,  which 
relates  the  states  1  and  2.  The  form  function  g(v)  can  be  determined 
with  the  aid  of  Its  moments.  The  second  moment  of  this  function  rela¬ 
tive  to  the  frequency  can  be  calculated  from  the  following  formula 


Af, 


(5.112) 


The  difference  from  formula  (5.12)  consists  In  the  fact  that  In  place 
of  the  operator  2S  ,  which  Is  connected  with  the  action  of  the  exter- 
nal  oscillating  magnetic  field  applied  along  the  x  axis,  we  have  here 

A  A  A 

the  matrix  of  the  operator  C  ~  elements  of  which  deter¬ 

mine  the  Intensity  of  the  transitions  that  we  are  now  considering.  The 
moment  (5. 112)  has  obviously  the  same  order  as  the  moment  (5.12), 
which  pertains  to  the  absorption  line  of  the  radio  frequency  field, 
but  the  two  are  not  equal. 

If  we  asstune  that  g(v)  has  a  Gaussian  form,  then  we  obtain  for 
the  cross  relaxation  probability 


X0Z 


«’?*S(S  +  I)Y 

FF^^iU^‘*'n*0„cosV 


3H*Mt 


(5.113) 


At  large  fields  Hq,  the  time  Tg  Increases  very  rapidly  with  In¬ 
creasing  interval  between  the  Zeeman  levels  of  the  ion.  Therefore  the 
processes  M  =  +2,  caused  by  the  terms  E  and  P,  can  be  neglected. 

If  Hq  -♦  0,  then  Tg^  “*■  Tg  and  we  have  In  accordance  with  Kronlg 
and  Bouwlcamp  [101] 

(5.114) 

Here  M'g  Is  the  second  moment  calculated  with  additional  account  of 
the  terms  E  and  P. 

It  must  be  kept  In  mind  that  the  assumed  Gaussian  character  of 
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the  curve  g(v)  can  lead  to  serious  errors,  particularly  In  the  case  of 

strong  exchange  coupling  and  random  paramagnetic  dilution. 

We  now  proceed  to  consider  substances  which  contain  either  two 

sorts  of  paramagnetic  centers,  or  magnetic  particles  of  one  sort  but 

with  spin  S  >  1/2.  The  establishment  of  equilibrium  between  the  Zeeman 

and  the  dipole  systems  can  becane  appreciably  accelerated  If  there  are 

two  pairs  of  levels  with  almost  equal  Intervals:  hv^  «  hv^.  Then  the 

following  processes  will  take  place  under  the  Influence  of  the  dipole 

Interactions:  the  Ion  1  will  absorb  an  energy  hv^,  the  Ion  J  will  lose 

an  energy  hv^,  and  the  energy  h(v  —  v^)  Is  transferred  to  the  dipole 
P  up 

system.  The  probability  of  a  process  of  this  kind  Is 

Wij  =  a-*  I  {£^,  E,  I  I  Et  +  Av.,  E,  -  Av^>|'  (0).  (5.115) 

A 

where  Is  the  operator  of  Interaction  between  the  Ions  1  and  J,  and 

gap  (Va  —  Vp)  Is  a  form  function  which  has  a  maximum  at  the  point  Va  — 

—  Vq  =  0.  The  second  moment  of  this  function  can  be  determined  from  a 
p 

formula  analogous  to  (5.112). 

Let  us  point  out  a  few  Important  cases,  where  two  pairs  of  energy 
levels  with  practically  Identical  Intervals  are  encountered:  1)  the 
Ion  N1  (S  =  l)  In  an  axial  crystalline  field  ajid  a  weak  magnetic 
field  (Fig.  5.9a);  2)  the  Ion  Nl^^  In  an  Intermediate  crystalline 
field  and  an  Intermediate  magnetic  field  (Pig.  5.9^);  3)  the  Ion  Cr^'*’ 
(S  =  3/2)  In  a  weak  magnetic  field  parallel  to  the  crystal  axis  (Pig. 
5.9c);  4)  two  nonequivalent  Ions  of  Cu^'*’  (S  =  1/2)  (Pig.  5.9d). 

We  can  calculate  gap  approximately  If  we  know  the  form  fiinctlon 
g  and  go  for  the  paramagnetic  resonance  absorption  lines  v  and  Vo, 

u  p  cx  p 

using  the  following  formula; 

«■/, = W  e.  (O  (V')  *  -  f'WdA  (5.116) 

If  g  and  go  have  a  Gaussian  form,  then 
a  "p 
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Pig.  5*9.  Typical  example  of  cross 
relaxation  transitions. 


~  «•  yl[4vj*  +  (Av,)*  ‘  •  (5.117) 

Kopvlllem  [115]  made  detailed  calculations  of  the  form  function 
gap(v)  by  the  method  of  moments.  He  obtained  a  somewhat  unexpected  re¬ 
sult,  which  contradicted  Bloembergen ' s  statements.  It  turned  out  that 
the  form  function  g(jp(v)  remains  practically  unchanged  upon  magnetic 
dilution.  If  the  energy  h(v^  —  v^)  Is  smaller  than  the  average  energy 
of  the  magnetic  dlpole-dlpole  Interactions,  calculated  per  para¬ 
magnetic  Ion  In  a  magnetically  concentrated  crystal.  If  on  the  other 
hand  h(v^  -  v^)  >  E^^p,  then  the  Increase  In  energy  h(Vjj  -  v^)  will 
lead  to  a  rapid  decreaee  in  g„p(0). 

We  have  assumed  In  the  preceding  sections  that  a  change  In  the 
spin- level  populations  can  occur  \inder  the  Influence  of  an  external 
applied  oscillating  magnetic  field  and  as  a  result  of  spin-lattice  In¬ 
teractions.  The  probabilities  of  the  corresponding  transitions  were 
denoted  by  us  by  p^^j  and  We  see  now  that  the  populations  of  the 
spin  levels  can  also  be  changed  by  cross  relaxation.  Thus,  for  example, 
for  the  case  shown  In  Pig.  5.9a  we  have 


m. 


KpOCCpCJ 


\  wf  /spoccpei 


+ K'  '  (5.118) 

Here  (Nj^)a(i  population  of  level  jc  under  conditions  where  the 

spin  system  is  equllibrlvun.  It  being  ass\jmed  that  the  spin  system  Is 
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Isolated  from  the  lattice.  If  T  is  the  lattice  temperature  and  Is 
the  temperature  of  the  spin  system  under  adiabatic  conditions,  then  we 
have  the  following  system  of  differential  equations  for  the  level  pop¬ 
ulation  of  particles  with  spin  S  =  1: 


(5.119) 


■j' 

+  -4*1  —  Nt  — 

N,  +  W,  +  W,=W. 

— M)+ 

We  have  assumed  here  that  the  frequency  of  the  applied  radio  signal  Is 
^32‘ 


A  solution  of  equations  such  as  (5.119)  enables  us  to  estimate 
the  behavior  of  the  paramagnet  under  specified  external  conditions  and 
the  role  of  cross  relaxation.  Since  we  are  unable  to  examine  In  detail 
the  phenomena  that  can  be  explained  by  cross  relaxation,  we  shall  stop 
to  discuss  some  of  them. 

a)  Intermediate  relaxation  In  measurements  made  In  parallel  fields 

Measurement  of  paramagnetic  absorption  In  parallel  fields  made  In 
dilute  paramagnetic  salts  have  shown  [105 ]  that  In  addition  to  ordinary 
relaxation  maxima,  the  positions  of  which  are  determined  by  the  values 
of  T  and  T',  Intermediate  temperature -Independent  absorption  peaks  are 
observed  In  many  cases.  A  quantitative  comparison  shows  that  the  ex¬ 
perimentally  established  region  of  dispersion  and  absorption  corres¬ 
ponds  to  a  frequency  v  «  (1/27t)T2^. 

b)  Thermal  contact  between  two  different  spin  systems 

If  a  paramagnetic  salt  contains  two  sorts  of  paramagnetic  par¬ 
ticles,  then  the  cross  relaxation  theory  makes  It  possible  to  estimate 
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the  energy  that  goes  over  from  one  spin  system  to  the  other  If  the 
thermal  equilibrium  between  these  systems  has  been  disturbed. 
c)  "Crossing"  saturation 

In  the  previously  mentioned  experiments  of  Glordmalne  et  al  [58], 
which  were  carried  out  at  helium  temperatures.  It  was  shown  that  satu¬ 
ration  of  one  of  the  hyperflne  components  of  copper  Ions  leads  to  a 
rapid  saturation  of  all  other  components  which  have  not  been  subjected 
to  the  action  of  the  radio  frequency  field.  The  authors  of  this  experi¬ 
ment  have  attempted  to  attribute  this  to  the  broadening  of  the  energy 
levels  of  the  "effective"  oscillators  of  the  lattice  resulting  from 
the  weak  coupling  between  these  oscillators  and  the  oscillators  of 
other  frequencies  and  with  the  helium  thermostat  (see  §5*^)»  The  real 
reason  forthe  crossing  saturation,  however.  Is  apparently  cross  relax¬ 
ation.  A  principal  role  Is  played  here  by  processes  In  which  four  Ions 
participate  simultaneously.  Let  the  frequency  of  three  resonant  lines 
v^,  Vg,  and  be  such  that  -  v^)  «  (v^  -  v^);  besides,  = 

=  .V*  ions,  of  which  two  are  at  an  energy 

level  and  one  each  are  on  the  levels  and  E^^\  As  a  result 

of  dlpole-dlpole  Interaction  between  these  Ions,  their  spins  can  be¬ 
come  simultaneously  reoriented.  In  this  way  the  energy  of  the  radio 
frequency  field  applied  at  a  frequency  can  be  transferred  and  satu¬ 
rate  paramagnetic  resonance  at  the  frequencies  and  v^.  The  nvimerlcal 
estimate  of  Tg^  is  In  good  agreement  with  the  experimental  data.  Bloem- 
bergen  et  al  [101]  have  set  up  special  experiments  which  led  to  the 
following  Important  conclusion:  at  temperatures  above  1°K  processes 
connected  with  the  heating  of  the  system  of  "effective  oscillators"  do 
not  play  any  role  whatever  In  dilute  paramagnetic  salts. 

•p  d)  Nonuniform  broadening  and  uniform  saturation 

In  sufficiently  diluted  paramagnetic  salts,  the  greater  part  of 
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the  resonance-line  width  Is  due  to  the  Initial  magnetic  field  of  the 
nuclear  spins  of  the  diamagnetic  atoms  and  to  the  scatter  of  the  param¬ 
eters  of  the  crystalline  field.  A  nonuniform  broadening  of  this  type 
will  be  called  microscopic  to  distinguish  it  from  the  macroscopic 
broadening,  produced  by  the  inhomogeneity  of  the  external  magnetic 
field  and  by  the  polycrystalline  nature  of  the  specimens. 

Let  the  total  width  of  the  lines  be  determined  by  the  quantity 
1/T|,  and  the  uniform  part  of  the  broadening  by  l/Tg.  As  a  result  of 
cross  relaxation,  the  energy  of  the  radio  frequency  field  absorbed  by 
the  fields  whose  resonant  frequencies  are  distributed  within  the  re- 
glon  Vq  +  l/Tg  will  be  transferred  to  fields  with  resonant  frequencies 
outside  this  region.  If  at  the  same  time  the  corresponding  cross  re¬ 
laxation  time  la  ^  ^1’  'the  saturation  of  the  entire  resonant 

line  will  occur  as  If  the  broadening  were  uniforms  the  expression  for 
the  satiiratlon  factor  will  contain  T|  In  lieu  of  Tg.  The  cross  relaxa¬ 
tion  within  the  resonant  line  can  be  due  either  to  processes  of  the 
Kronlg-Bouwkamp  type,  or  to  multiple  processes  similar  to  those  con¬ 
sidered  In  Item  c).  In  the  case  of  Kronlg-Bouwlcamp  processes  we  read¬ 
ily  obtain 

(5.120) 

Thus,  the  saturation  Is  uniform  In  the  majority  of  practically 
realized  conditions,  even  In  the  case  of  nonvinlform  broadening.  Among 
the  experiments  directly  confirming  the  considerations  advanced  here 
are  those  on  saturation  of  paramagnetic  resonance  In  nickel  fluoroslll- 
cate  by  means  of  radio  frequency  pulses  [106]. 

§5.10.  Acoustic  Paramagnetic  Resonance 

In  analogy  with  ordinary  paramagnetic  resonance.  In  which  a  para- 
magnet  selectively  absorbs  energy  from  ein  alternating  magnetic  field. 


It  Is  possible  to  have  also  paramagnetic  resonant  absorption  of  ultra¬ 
sonic  energy.  The  theory  of  this  phenomenon  was  proposed  by  Al'tshuler 
[107],  while  the  experimental  observations  were  first  made  on  nuclear 
paramagnets  [I08,  109]  and  recently  also  on  Mn  Ions  Introduced  Into 
quartz  crystals  [111]. 

Acoustic  paramagnetic  resonance  consists  of  a  transfer  of  ultra¬ 
sonic  energy  to  a  system  of  magnetic  particles;  this  transfer  occurs 
when  a  quantum  of  elastlc-vlbratlon  energy  Is  equal  to  the  difference 
between  the  energies  of  the  magnetic  levels.  Thus,  Just  as  In  the  case 
of  ordinary  paramagnetic  resonance,  the  acoustic  effect  will  take 
place  If  condition  (1.2)  Is  satisfied,  except  that  now  v  stands  for 
the  frequency  of  the  ultrasound. 

The  mechanism  that  effects  the  transfer  of  the  energy  from  the 
sound  oscillations  to  the  paramagnetic  particles  has  the  same  nature 
as  paramagnetic  lattice  relaxation,  realized  with  the  aid  of  single- 
phonon  processes.  Resonant  absorption  of  ultrasound  can  therefore  be 
regarded  as  a  phenomenon  Inverse  to  paramagnetic  relaxation.  Under  the 
Influence  of  the  sound  oscillations,  the  forces  acting  on  the  magnetic 
particles  will  vary  periodically  and  transitions  will  occur  from  one 
magnetic  energy  sublevel  to  another.  The  complete  population  of  the 
lower  sublevels  will  cause  the  number  of  transitions  connected  with 
absorption  of  energy  to  exceed  the  number  of  the  Inverse  transitions. 
Equilibrium  will  be  established  by  transferring  the  excess  energy  of 
the  paramagnetic  particles  to  the  thermal  vibrations  of  the  lattice. 

The  calculation  of  the  absorption  of  ultrasound  by  paramagnets  Is 
analogous  to  the  calculation  of  the  time  of  paramagnetic  lattice  re¬ 
laxation  produced  by  first-order  processes.  This  makes  It  possible  to 
obtain  the  following  formula  for  estimating  the  effect  In  solids: 


Here  o  Is  the  coefficient  of  sound  absorption,  that  Is,  the  ratio  of 
the  energy  absorbed  per  cubic  centimeter  to  the  energy  Incident  on  a 


square  centimeter  per  second;  T  is  the  temperature  of  the  body;  Tq  Is 
the  temperatiire  at  which  the  relaxation  time  t  was  determined.  The  ex¬ 
perimental  data  lead  to  values  on  the  order  of  0.1  cm"^  for  the  coef¬ 
ficient.  Thus,  the  effect  Investigated  Is  sufficient  to  become  observ¬ 
able.  Calculations  of  a  were  therefore  undertaken  subsequently  for 
many  types  of  paramagnets  assuming  various  mechanisms  for  the  spin- 
lattice  coupling. 

The  first  to  be  Investigated  was  resonant  absorption  of  ultra¬ 
sound  by  paramagnetic  salts  In  which  the  spin-lattice  coupling  is  by 
modulation  of  the  Internal  electrical  field  of  the  crystal  by  elastic 
lattice  oscillations.  The  coefficient  a  was  calculated  for  several 
typical  salts  of  the  iron-group  elements  (titanium  and  chrome  alvims), 
salts  of  rare-earth  elements  (cerlm  nitrate,  praseodymium  ethyl  sul¬ 
fate),  and  finally  for  salts  whose  magnetic  Ions  are  In  the  S  state 
(Iron  alvuns).  The  absorption  coefficient  for  titanium  alum  was  found 
to  be 

(5.122) 

where  P  =  vr^No/pkTv^Av.  At  T  =  20°K,  a  numerical  estimate  yields  a  » 

88  1 

»  2*  10"  cm"  •  For  chrome  aliun  we  have 

<5.123) 

-21  2  -1 

A  numerical  estimate  yields  at  room  temperat\ire  o  «  10  v  cm 

Formula  (5.123)  pertains  to  transitions  between  spin  levels  be¬ 
longing  to  different  Kramers  doublets.  Consequently,  unlike  the  titan- 

2 

l\im  salts,  we  have  here  a  ~  v  .  In  the  perturbation- theory  approxima¬ 
tion  that  yields  formula  (5.123),  we  have  a  =  0  for  transitions  within 
the  Kramers  doublets.  In  the  higher-order  approximation  we  obtain,  as 
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for  the  Ion  a  ~  v^.  Physically  this  result  Is  understandable  and 

has  general  significance.  The  lowering  of  the  symmetry  of  the  crystal¬ 
line  field,  brought  about  by  the  elastic  lattice  vibrations,  can  change 
the  splitting  of  the  spin  levels  pertaining  to  different  Kramers  doub¬ 
lets,  but  can  hardly  Influence  the  distribution  of  the  Kramers  doub¬ 
lets  themselves. 

Calculation  for  the  salts  of  rare-earth  elements  has  shown  that 
the  effect  of  resonant  absorption  of  ultrasound  Is  small  In  those 
cases  when  the  crystalline  field  leaves  In  the  magnetic  Ions  only  a 
Kramers  energy-level  degeneracy,  which  cannot  be  lifted  by  the  changes 
Induced  In  the  electric  field  by  the  lattice  vibrations. 

In  ethyl  sulfates  of  rare  earths,  the  crystalline  field  has  hex¬ 
agonal  symmetry.  If  the  rare-earth  Ion  contains  an  even  number  of  elec¬ 
trons,  the  energy  levels  retain  the  Kramers  degeneracy  and  the  effect 
of  sound  absorption  should  therefore  be  large.  Thus,  for  praseodymium 
ethyl  sulfate  we  obtain 

(5.124) 

From  this  we  have  a  «  —10*"^^  cm“^  when  T  =  20°K.  The  effect  Is  so 
large  that  this  salt  Is  apparently  the  most  suitable  for  experimental 
observation  of  the  effect.  The  acoustic  effect  In  rare-earth  salts  Is 
analyzed  In  detail  In  [110], 

For  Iron  alums  In  which  the  Fe^"*"  Ion  Is  In  the  S  state,  the  ab- 

p4  1 

sorption  coefficient  Is  relatively  small,  on  the  order  of  10  v  cm" 
at  room  temperatvir e . 

In  gadolinium  salts.  In  which,  as  is  well  known,  the  splitting  of 

the  ground  energy  level  of  the  paramagnetic  Ion  by  the  electric  field 

of  the  crystal  Is  much  larger  than  In  the  Iron  Ion,  we  can  expect  the 

h 

acoustic  effect  to  be  approximately  10  times  stronger. 
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Resonant  absorption  of  ultrasound  was  considered  also  under  the 
assumption  that  the  spin-lattice  coupling  Is  produced  by  a  change  In 
the  magnetic  Interaction  of  the  particles  by  the  elastic  oscillations 
of  the  lattice  (the  Waller  mechanism).  In  this  case  the  absorption  co¬ 
efficient  turns  out  to  be 

(5.125) 

In  substances  with  large  density  of  magnetic  atoms,  of  the  MnPg  type, 

this  mechanism  may  make  the  coefficient  a  at  room  temperatixre  equal  to 

-IQ  2  -1 

approximately  10  ^  v  cm  . 

Resonant  absorption  of  ultrasounds  will  obviously  take  place  not 
only  In  electronic  paramagnets,  but  also  in  substances  having  nuclear 
paramagnetism.  Favorable  circumstances  for  the  nuclear  effect  are  the 
small  line  width  of  the  paramagnetic  absorption  and  the  large  density 
of  the  magnetic  particles.  Small  values  of  nuclear  magnetic  and  quad- 
rupole  moments  are  the  cause  of  a  relatively  weak  spin-lattice  coup¬ 
ling,  which  naturally  decreases  the  effect. 

In  solid  dielectrics.  In  which  the  spin-lattice  coupling  Is  due 
to  magnetic  Interaction  between  the  nuclei,  the  coefficient  of  reso¬ 
nant  absorption  of  ultrasound  can  be  calculated  by  means  of  formula 
(5.125),  where  p  now  stands  for  the  nuclear  magneton.  For  example,  for 
a  NaBr  crystal  at  T  =  300°K  we  have  a  «  10"^^  cm"^.  For  substances 

In  which  the  spin-lattice  coupling  Is  due  to  quadrupole  nuclear  Inter¬ 
actions,  the  coefficient  a  can  become  appreciably  larger,  on  the  order 

-20  2  -1 

of  10  V  cm  .An  even  larger  effect  can  be  expected  In  metals  In 
which  the  coupling  between  the  nuclear  spins  and  the  lattice  vibrations 
becomes  Intensified  by  the  Interaction  between  the  nuclei  and  the  con¬ 
duction  electrons.  An  appreciable  effect  can  also  be  obtained  In  sing¬ 
let  electronic  levels  of  paramagnetic  particles,  the  nuclei  of  which 
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have  nonzero  magnetic  moments  [110]. 

It  Is  Interesting  to  compare  the  resonant  absorption  of  ultra¬ 
sound  with  paramagnetic  resonance  under  the  Influence  of  variable  mag¬ 
netic  fields. 

a)  A  comparison  of  the  magnitudes  of  both  effects  can  be  readily 
carried  out  by  recognizing  that  the  coefficient  of  absorption  of  the 
electromagnetlc-fleld  energy  Is 

(5.126) 

Q  fi 

In  many  "electronic"  paramagnets  Av  »  10^  cps,  Xq  “  there- 

-22  2  -1 

fore  a  «  10  V  cm  .In  many  cases  we  have  also  obtained  for  the 

2 

coefficient  of  ultrasound  absorption  an  expression  proportional  to  v  , 
with  the  proportionality  factor  strongly  dependent  on  the  matrix  ele¬ 
ment  of  the  spin- lattice  Interaction  operator.  If  this  matrix  element 
differs  from  zero  In  first  approximation,  then  the  values  obtained  for 
a  are  much  larger  than  o^.  On  the  other  hand.  If  higher  approximations 
are  needed,  usually  a  and  o.  are  of  the  same  order  of  magnitude. 

It  must  be  noted  that  the  absorption  coefficient  for  the  longi¬ 
tudinal  and  transverse  waves  will  generally  speaking  be  different.  We 
have  cited  In  all  cases  the  average  values  of  the  coefficient  a  for 
solid  bodies. 

b)  Ordinary  paramagnetic  resonance  Is  strongly  dependent  on  the 
angle  between  the  static  and  alternating  magnetic  fields.  The  acoustic 
effect  Is  little  sensitive  to  changes  In  the  direction  of  sound-wave 
propagation  relative  to  the  field  Hq. 

c)  Absorption  of  ultrasound  Is  frequently  made  possible  by  trans¬ 
itions  between  such  sublevels,  for  which  the  magnetic  dipole  transi¬ 
tions  are  forbidden. 

d)  The  absorption  line  shapes  In  the  case  of  acoustic  and  ordinary 


effects  can  be  quite  different.  The  reason  for  It  Is  that  In  both 
phenomena  we  deal  with  the  same  energy-level  bands,  produced  by  the 
magnetic  and  other  Interactions,  but  the  laws  governing  the  transition 
probabilities  between  these  levels  under  the  Influence  of  ultrasound 
and  under  the  Influence  of  an  alternating  magnetic  field  are  quite 
different  In  nature. 

In  spite  of  the  fact  that  In  many  cases  the  coefficient  of  ultra¬ 
sound  absorption  greatly  exceeds  the  coefficient  of  absorption  of  the 
energy  from  the  radio  frequency  field,  the  low  sensitivity  of  ultra¬ 
sonic  research  methods  makes  It  desirable  to  use  Indirect  methods  of 
detecting  acoustic  paramagnetic  resonance.  Such  resonance  can  be  ob¬ 
served  by  "satiiratlon"  of  the  magnetic  sublevels  of  the  nuclei,  a  sat- 
xoratlon  occurring  at  high  sound  Intensities  [108],  Another  method  can 
be  based  on  the  changes  produced  In  the  magnetization  of  the  body  un¬ 
der  the  Influence  of  the  ultrasound. 

The  generation,  and  particularly  the  transmission  of  sound  oscil¬ 
lations  at  microwave  frequencies  from  the  generator  to  the  Investi¬ 
gated  substance  constitutes  a  very  complicated  e^sperlmental  problem. 
Therefore  great  Interest  Is  attached  to  a  determination  of  the  condi¬ 
tions  under  which  one  can  expect  a  noticeable  effect  In  electronic 
paramagnets  at  relatively  low  frequencies,  on  the  order  of  100  Mcs. 
This  question  was  considered  in  [113 ]•  Since  the  greatest  effect  Is 
connected  with  transitions  between  different  Kramers  doublets.  It  Is 
apparently  very  convenient  to  observe  transitions  between  spin  levels 
near  the  points  where  the  levels  cross,  as  occvirs,  for  example.  In  the 
case  shown  In  Pig.  1.3. 

We  note  finally  that  If  magnetically  diluted  crystals  are  used, 
the  scattering  of  the  sound  waves  on  the  Imperfections  of  the  crystal 
lattice  can  become  most  appreciable.  For  reasons  Indicated  In  §5.3, 


item  7,  resonant  absorption  of  these  waves  will  be  very  strong.  There¬ 
fore  indirect  measurement  methods,  which  make  it  possible  to  evaluate 
directly  the  difference  in  the  spin-level  populations,  should  be  very 
convenient. 

An  experimental  study  of  resonant  paramagnetic  absorption  of  ul¬ 
trasound  can  greatly  supplement  the  data  obtained  by  investigating  or¬ 
dinary  resonance  and  paramagnetic  relaxation;  it  makes  possible  a 
deeper  explanation  of  the  natxare  of  the  spin-lattice  interaction,  and 
a  determination  of  the  constants  characterizing  this  interaction;  it 
discloses  new  absorption  lines,  the  appearance  of  which  under  the  in¬ 
fluence  of  a  radio  frequency  field  is  impossible  because  of  the  ab¬ 
sence  of  magnetic  dipole  transitions. 
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[Footnotes ] 


215  A  primed  summation  sign  denotes  that  J  k. 

227  See  footnote  for  page  215. 

pJ- 

259  The  only  exception  is  the  Tutton's  salt  of  Gu  . 

273  A  detailed  analysis  of  the  interaction  between  the  oscilla¬ 

tors  and  the  Brownian  motion,  carried  out  by  K.  A.  Vallyev 

(unpublished  work),  has  shown  that  the  constant  t  can  be 

given  a  different  Interpretation;  the  character  of  the  tem¬ 
perature  dependences  of  remains  the  same  In  this  case. 

276  Confirming  this  fact  is  the  possibility  of  observing  reso- 

p_L 

nance  In  VO  [96],  and  also  the  reported  [84]  observation 

of  the  effect  In  a  complex  salt  of  Tl^'*’.  In  these  cases  a 
strong  low-symmetry  component  of  the  crystalline  field  can 
explain  the  sufficiently  long  time  t. 
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script 

Page 

No. 

207  =  lok  =  lokal'nyy  =  local 

209  seeM  =  zeem  =  zeemanovskly  =  Zeeman  (adj. ) 

209  awn  =  dip  =  dlpol'nyy  =  dipole 

209  o6m  =  obm  =  obmen  =  exchange 

251  3Kcn  =  eksp  =  eksperlmental *nyy  =  experimental 

251  Teop  =  teor  =  teoreticheskly  =  theoretical 

263  pes  =  rez  =  rezonansnyy  =  resonance 

270  cn  =  sp  =  spin  =  spin 

273  cth  =  coth 

288  Kpoccpeji  =  krossrel  =  krossrelaksatslya  =  cross-relaxation 

288  afl  =  ad  a  adlabatlcheskiy  =  adiabatic 
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Chapter  6 

METALS  AND  SEMICONDUCTORS.  IMPERFECTIONS  IN  CRYSTALS 
§6.1.  Effect  on  Conduction  Electrons 

The  carriers  of  paramagnetism  in  metals  are  the  conduction  elec¬ 
trons.  In  transition  metals,  paramagnetism  may  also  he  associated  with 
the  ions  that  form  the  core  of  the  crystal  lattice.  One  could  expect 
in  metals  the  appearance  of  paramagnetic  resonant  absorption  lines, 
the  positions  of  which  would  be  determined  by  the  £  factors  of  both 
the  conduction  electrons  and  of  the  d  and  f  shells  of  the  atoms.  How¬ 
ever,  the  observation  of  paramagnetic  resonance  in  metals  entails  sev¬ 
eral  difficulties:  l)  the  skin  effect  reduces  the  absorption  of  energy 
from  the  radio  frequency  field  and  makes  the  form  of  the  resonance 
line  more  complicated;  2)  small  paramagnetic  inclusions  may  cause  re¬ 
sults  that  are  quite  erroneous;  3)  ih  many  metals,  the  spin-lattice 
interactions  smear  out  the  paramagnetic  resonance  curve. 

To  reduce  the  skin  effect  one  usually  employs  minute  metal  par¬ 
ticles,  pulverized  by  ultrasound  and  embedded  in  paraffin.  The  metal 
specimens  must  be  subjected  to  multiple  purification  to  rid  them  of 
paramagnetic  impurities.  A  confirmed  effect  on  the  conduction  electrons 
was  obtained  in  the  following  metals:  Li,  Na,  K,  Be,  Cs  [1-11].  Inves¬ 
tigations  of  many  other  substances,  such  as  Al,  Mg,  Pd,  W,  produced  no 
positive  results,  apparently  owing  to  the  excessive  width  of  the  reso¬ 
nance  line. 

The  first  calculation  of  the  £  factor  for  conduction  electrons 
was  made  by  Jafet  [12]  with  sodium  as  an  example.  Only  the  spln-orblt 
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Interaction  was  taken  Into  account  there,  since  the  correlation  and 
exchange  effects  were  Insignificant,  and  the  Influence  of  Interaction 
between  the  electronic  and  nuclear  spins  became  noticeable  only  at 
temperature  T  <  1°K.  The  closeness  of  the  experimental  values  of  the 
g  factors  to  the  pure  spin  value  ggp^^  ^  2.0023  shows  that  the  spln- 
orblt  Interaction  can  be  regarded  as  a  perturbation.  The  Bardeen 
method  [13]^  In  which  It  Is  possible  to  avoid  calculation  of  the  mat¬ 
rix  elements,  was  used  In  the  computations.  This  yielded  Ag  =  g  — 

—  ggpin  =  — 3«7’10“^,  whereas  experiments  [8,  9]  Implied  that  Ag  = 

=  — (8  +  12)*10"'^.  Brooks  [l4]  made  calculations  based  on  the  atomic 

.  -  -4 

value  of  the  spin  orbit  coupling  constants.  The  value  Ag  =  —6. 6* 10 
which  we  Obtained  agrees  within  the  limits  of  error  with  the  experi¬ 
mental  data.  The  value  Ag  =  — 6‘10"^  obtained  theoretically  for  llthliun 
[15]  Is  very  small.  In  agreement  with  the  measxirement  results  [8,  9]: 
|Ag|  <  10"^.  For  beryllium,  experiment  [8]  yields  Ag  =  +(9  +  l)*10“^, 
and  there  are  no  theoretical  calculations.  For  potassium,  the  £  factor 
could  at  first  not  be  determined,  since  the  effect  was  small  and  be¬ 
came  observable  only  at  temperatures  below  4°K. 

An  original  method  of  obtaining  pure  and  finely  ground  specimens 
of  metals  was  proposed  by  Levy  [9];  he  froze  solutions  of  alkali  metals 
In  ammonia  at  liquid  nitrogen  temperature.  He  was  thus  able  to  measure 
paramagnetic  resonance  absorption  In  potassium  at  180°K  and  In  cesium 
at  25°K.  The  measured  values  of  the  jg  factor  were  1.99  and  1.93,  re¬ 
spectively,  In  good  agreement  with  the  theoretical  [l4]  values  1.99 
and  1.94. 

In  metals  In  which  the  paramagnetism  Is  due  to  the  conduction 
electrons,  the  form  of  the  resonance  line  Is  determined  by  the  spin- 
lattice  interactions.  The  spin-spin  relaxation  is  insignificant,  owing 
to  the  high  velocity  of  the  electrons  and  the  relatively  small  value 

-  306  - 


of  the  spin-spin  Interactions.  A  theoretical  analysis  of  paramagnetic 
relaxation  In  metals  was  first  made  by  Overhauser  [16],  who  used  the 
single-electron  model  of  degenerate  gas  for  the  calculation  of  the  In¬ 
teractions  between  the  conduction  electron  spins  and  the  other  parts 
of  the  metal.  The  Interactions  themselves  were  regarded  In  this  case 
as  small  per t\xrbat Ions. 


One  might  think  that.  Just  as  in  the  case  of  Ionic  paramagnetic 
crystals  at  high  temperatures,  the  principal  role  In  the  energy  ex¬ 
change  between  the  electron  spins  and  the  lattice  vibration  would  be 
assumed  by  second  order  processes  (combination  scattering  of  phonons). 
This  assumption,  however,  must  be  rejected  for  the  same  reasons  for 
which  two-phonon  processes  are  disregarded  In  the  calculations  of  the 
electric  resistivity  of  metals. 

Overhauser  considered  the  following  relaxation  mechanisms. 

1)  Interaction  with  transverse  phonons.  Let  us  assume  that  the 
relaxation  Is  brought  about  by  Interaction  between  the  magnetic  moments 
of  the  electrons  and  the  magnetic  field  produced  by  the  charged  par¬ 
ticles  (Ions)  participating  In  the  lattice  vibrations.  It  Is  obvious 
here  that  only  transverse  vibrations  are  significant.  We  denote  the 
Fermi  energy  In  the  absence  of  an  external  magnetic  field  by  Sq  = 

=  ft^k^2mQ,  the  metal  particle  diameter  by  d,  the  length  of  the  side 
of  the  atomic  dimension  cube  by  a,  the  number  of  electrons  per  cubic 
centimeter  by  Ng,  and  finally  the  density  of  the  metal  by  p.  If  we 
neglect  the  correlation  between  the  translational  motion  of  the  con¬ 
duction  electrons  and  the  vibrational  motion  of  the  lattice,  the  cal¬ 
culations  yield  for  the  relaxation  time  the  following  expression: 


_ _ 

From  this  we  get,  for  example  In  the  case  of  lithium. 


(6.1) 


T  W  6*  10“^ 


sec 
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at  room  temperature. 


■#> 


2)  Interaction  with  longitudinal  phonons.  Relaxation  can  be  due 
to  Interaction  between  the  electron  spins  and  the  electric  field  pro¬ 
duced  by  the  vibration  of  the  positive  lattice  Ions.  Interactions  of 
this  type  In  atoms  give  rise  to  spln-orblt  coupling.  Transverse  vlbra 
tlons  produce  a  relatively  weak  electric  field;  we  can  therefore  con¬ 
fine  ourselves  to  an  analysis  of  longitudinal  oscillations.  Calcula¬ 
tion  shows  that  the  relaxation  time  Is 


(6.2) 


Here  v  Is  the  average  velocity  of  sound  and  9  Is  the  Debye  temperature. 
It  follows  from  (6.2)  that  for  lithium  at  room  temperature  t  » 

_ii. 

»  3*  10  sec. 

3)  Magnetic  dipole  Interaction  of  the  electron  spins.  In  this 
case  the  relaxation  process  may  be  the  result  of  both  simultaneous  re¬ 
orientation  of  the  spins  of  both  Interacting  electrons  and  of  the  spin 
of  one  electron  only  (see  §§5*2  and  5*3)»  If  only  the  former  processes 
which  play  the  principal  role,  are  taken  Into  account,  we  obtain  for 
the  relaxation  time 


(6.3) 


At  room  temperature  we  have  hence  t  »  6' 10“^  sec. 

4)  Interaction  with  nuclear  spins.  The  relaxation  may  also  be 
caused  by  Interaction  between  the  electrons  and  the  nuclear  spins.  In 
this  case,  as  In  atoms,  the  principal  role  Is  assiuMd  by  the  hyperflne 
interaction  with  the  electrons  in  the  S  state  [17].  Calculation  shows 


that 


8/ (/+!)«, 

<  wr 


(6.4) 


where  Tjj  denotes  the  relaxation  time  of  the  nuclear  spins;  according 
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(6.5) 


to  calculations  by  Korrlnga  [17],  this  time  Is  eqtxal  to 

,,, .  _ 

Here  t^'(O)  Is  the  wave  function  of  the  electron  situated  on  the  Perml 
surface;  the  vanishing  of  the  argument  denotes  that  It  Is  necessary  to 
take  the  value  of  the  given  function  at  the  location  of  the  nucleus. 

It  Is  Interesting  that  the  relaxation  time  t  is  Independent  of  the  tem¬ 
perature.  One  can  therefore  expect  this  relaxation  mechanism  to  have 
the  decisive  significance  at  sufficiently  low  ten^erature . 

5)  Interaction  of  the  electron  spins  with  the  magnetic  field  of 
the  currents  arising  during  the  translational  motion  of  the  conduction 
electrons.  This  relaxation  mechanism  leads  to  the  following  expression: 

,  =  (6.6) 

The  weak  dependence  on  the  applied  magnetic  field  Hq,  which  Is  Implied 
In  this  formula,  can  be  used  to  ascertain  whether  this  mechanism  plays 
an  appreciable  role  In  paramagnetic  relaxation  processes.  Niuaerlcal 
calculation  shows  that  when  Hq  =  5  oersted  and  T  =  293^ K  we  obtain  t  « 
«  8* 10“^  sec. 

Experimental  determinations  of  the  relaxation  time  [8,  9]  have 
shown  that  even  the  shortest  values  of  t  given  by  the  latter  of  the 
mechanisms  proposed  by  Overhauser  are  approximately  two  orders  of 
magnitude  higher  than  the  measurement  results.  In  addition,  in  contra¬ 
diction  to  Formula  (6.6),  It  was  observed  that  the  relaxation  time  Is 
constant  as  the  field  Hq  Is  varied  from  300  to  3000  oersted. 

The  Inadequacy  of  the  Overhauser  theory  lies  evidently  not  In  the 
fact  that  some  Important  relaxation  mechanism  has  been  left  out.  The 
use  of  plane  waves  for  the  description  of  the  conduction  electron  mo¬ 
tion  probably  leads  to  excessively  crude  results.  Elliott  [18]  obtained 


good  agreement  with  experiment  by  calculating  the  relaxation  time  us¬ 
ing  the  ordinary  band  theory  of  metals,  luider  the  assumption  that  the 
energy  exchange  between  the  electron  spins  and  the  lattice  vibrations 
Is  due  to  the  spln-orblt  Interaction.  The  connection  between  the  lat¬ 
tice  vibrations  and  the  motions  of  the  electrons  Is  so  much  stronger 
than  the  direct  Interaction  between  the  electron  spins  and  the  lattice 
that  even  a  weak  orbit  coupling  Is  sufficient  to  create  the  most  ef¬ 
fective  relaxation  mechanism.  Elliott  obtained  the  following  formula 
for  the  relaxation  time 


Here  Is  the  Impact  time  of  the  conduction  electrons  which,  as  Is 

well  known,  can  be  readily  determined  If  the  electric  resistivity  of 

the  metal  Is  known.  For  lithium,  sodium,  and  potassium  the  Impact  time 

-lit  -lit 

Is  Tp  =  1*10  ,3*10  ,  2*10  sec,  respectively.  The  Impact  time 

can  be  assvimed,  with  sufficiently  good  approximation,  to  be  propor¬ 
tional  to  the  electric  conductivity  of  the  metal,  and  therefore  It 
will  be  approximately  proportional  to  1/T  at  temperatures  T  >  0, 
whereas  at  low  temperatures  tR  ~  l/T^.  For  temperatwe  T  >  0,  the  nu¬ 
merical  factor  Is  a  =  1/2^^^  In  (d/a)  (see  (6.1));  when  T  <  0,  the 
factor  a  depends  on  the  temperature  and  besides,  as  In  the  case  of 
high  tempera tvires,  t  ~  l/T. 

The  attractive  featxire  of  Elliott's  theory  Is  the  simple  connec¬ 
tion  between  the  relaxation  time  t  and  the  deviation  of  the  £  factor 
from  the  pure  spin  value,  which,  as  we  have  seen.  Is  due  to  the  spln- 
orblt  Interaction.  Formula  (6.7)  readily  explains  why  It  was  Impossible 
to  observe  paramagnetic  resonance  In  heavy  metals.  After  all,  with  In¬ 
creasing  atomic  nvimber  of  the  element,  the  spln-orblt  coupling  In¬ 
creases  rapidly,  and  with  It  also  the  deviation  Ag. 
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Andreyev  and  Gerasimenko  [19]  have  analyzed  the  problem  of  para¬ 
magnetic  relaxation  In  metals  by  solving  the  kinetic  equation  for  the 
conduction  electrons.  They  have  shovm  that  at  temperatiires  T  »  0RqA^, 
xmder  paramagnetic  resonance  conditions,  the  magnetization  vector  obeys 
Bloch's  equation  (5*l)j  In  which  the  longitudinal  and  transverse  re¬ 
laxation  times  are  equal  to  each  other.  At  the  same  time  they  have 
made  more  precise  and  corrected  Elliott's  formula  for  the  paramagnetic 
relaxation  time,  for  which  they  obtained  the  following  expression: 


t===r  In— .  H  = - , 

\  thifj  16»x.*n(Af)* 


(6.8) 


where  e  Is  the  average  electron  energy  In  the  lattice,  and  Tj^  = 

=  (v/kVj|,)2pHQ,  If  the  dimensions  of  the  metal  specimen  are  such  that 
d  >  fiVp/2pHQj  If  on  the  other  hand  the  specimen  dimensions  do  not  sat¬ 
isfy  this  Inequality,  then  Tj^  =  ftvkdj  by  v^  we  denote  here  the  veloc¬ 
ity  of  the  electron  on  the  Perml  boundary.  At  a  temperature  T  »  0, 
Formula  (6.8)  assxmies  the  form 

x==:-~in~.  (6.9) 

On  the  other  hand.  If  T  «  0,  then 

(6.10) 

Experimental  Investigations  of  the  relaxation  time  have  shown 
that  In  the  case  of  sodium,  t  l/T  as  the  temperature  varies  from  4 
to  293°K,  as  called  for  by  the  theory. 

Q 

The  value  t  =  9’10~  sec  obtained  by  measurements  at  room  tenqpera- 
ture  Is  In  good  agreement  with  the  theoretical  value  t  «  10”^  T"^  sec. 

In  llthlvun  and  beryllium,  experiment  has  disclosed  that  the  relax¬ 
ation  time  Is  constant  as  the  temperature  Is  varied  over  a  wide  range.* 
At  the  same  time.  It  was  established  that  If  the  specimen  Is  purified 
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and  the  amount  of  llthiiun  In  it  Is  raised  from  99.0  to  99-9^,  the  re- 

Q  8 

laxatlon  time  Increases  from  3*10  ^  to  2. 5 ’10  sec.  All  these  facts 

tr  » 

•  can  be  simply  explained.  Because  the  value  of  Ag  of  light  metals  Is 

small,  the  paramagnetic  relaxation  Is  determined  by  the  spln-orblt 
coupling  of  the  conduction  electrons  with  the  Impvu’itles.  Success  In 
the  measvirement  of  the  "true"  relaxation  time  will  probably  be  attained 
In  the  case  of  specimens  subjected  to  an  exceedingly  careful  purifica¬ 
tion. 

In  potasslim  the  width  of  the  resonance  line  Is  approximately  50 
times  larger  than  In  sodium  [9].  In  cesium  at  helium  temperatxires,  the 

O 

line  width  is  approximately  2*10  cps. 

Garlf *yanov  and  Starikov  [11]  have  established  that  negligible  im¬ 
purities  of  heavy  metals  (mercury  or  lead)  in  specimens  of  sodium  and 

lithium  are  capable  of  broadening  the  resonance  ciorve  by  a  factor  of 
h. 

10  .  This  broadening  Is  apparently  the  result  of  the  shortening  of  the 
relaxation  time  due  to  the  strong  spln-orblt  coupling  In  the  heavy- 
metal  atoms. 

In  conclusion  we  note  that  the  area  under  the  paramagnetic  reso¬ 
nance  absorption  curve  Is  proportional  to  the  pvirely  paramagnetic  part 
of  the  static  susceptibility.  Therefore,  measurements  of  the  paramag¬ 
netic  resonance  make  it  possible  to  separate  the  diamagnetic  part  of 
the  susceptibility  from  the  paramagnetic  one  [20].  The  main  difficulty 
arising  in  realization  of  this  idea  lies  In  the  fact  that  it  Is  ex¬ 
ceedingly  difficult  to  make  absolute  measurements  of  paramagnetic  ab¬ 
sorption.  This  difficulty  was  cleverly  circxanvented  by  Schxunacher, 
Carver,  and  Sllchter  [5]  who  observed  simultaneously  both  electronic 
and  nuclesir  resonance  In  metallic  lithium,  at  one  and  the  same  fre- 
('  quency,  1.7*10^  cps.  The  absolute  value  of  the  Intensity  of  the  nuclear 
line  could  be  readily  calculated.  By  comparing  both  resonance  curves 
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it  was  found  that  the  static  susceptibility  Is  (2.0  +  0.3)* 10"°  COSj 
theoretical  calculation  [21]  yields  1.87* 10"^. 

§6.2.  Effect  of  Skin  Effect  and  Diffusion  of  Electrons  on  the  Form  of 
the  Resonance  Line  “ 

It  has  been  demonstrated  theoretically  and  experimentally  that 
the  skin  effect  and  the  diffusion  of  electrons  within  the  skin  layer 
change  appreciably  the  form  of  the  paramagnetic  resonance  line.  The 
distortion  of  the  resonance  line  form  should  result  even  from  the  fact 
that,  unlike  paramagnetic  dielectrics.  In  which  the  variable  part  of 
the  magnetization  Is  determined  by  the  magnitude  of  the  applied  oscil¬ 
lating  field.  In  a  metal  there  exists  also  an  Inverse  dependence  of 
the  local  values  of  this  field  on  the  magnetization,  owing  to  the  skin 
effect.  By  virtue  of  this,  whereas  In  dielectrics  the  absorbed  energy 
Is  proportional  to  the  coefficient  x">  3^  metal  It  will  also  be  pro¬ 

portional  to  the  real  part  of  the  dynamic  susceptibility,  x ' •  ^  addi¬ 
tion,  the  line  shape  will  be  distorted  also  because  diffusion  causes 
the  same  electron,  which  moves  Inside  the  skin  layer,  to  be  subjected 
to  the  action  of  the  oscillating  magnetic  field,  the  amplitude  and 
phase  of  which  are  continuously  varying.  Thus,  the  Interesting  Informa 
tlon  concerning  the  natvire  of  the  metallic  state,  obtained  by  the  para 
magnetic  resonance  method,  can  be  rid  of  distortion  only  If  acco\int  Is 
taken  of  the  skin  effect  and  of  electron  diffusion.  A  theoretical  anal 
ysls  of  this  question  was  made  by  Cyson  [22]  who  used  a  very  simple 
model  of  the  metal  in  order  to  obtain  formulas  that  are  convenient  In 
practical  use.  He  suggested  that  the  conduction  electrons  diffuse  like 
free  particles,  and  that  the  spin  of  each  electron  can  be  regarded  as 
an  independent  quantum  variable.  The  spin  is  very  weakly  coupled  to 
the  orbital  motion  and  la  therefore  very  weakly  affected  by  the  col¬ 
lisions  experienced  by  the  electrons.  Judging  from  the  value  of  the 
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spin-lattice  relaxation  time  In  the  case  of  sodium,  for  example,  only 
one  out  of  10^  collisions  causes  reorientation  of  the  spin.  One  can 
therefore  assume  that  the  spin  responds  primarily  to  changes  In  the 
local  magnetic  field. 

We  denote  the  thickness  of  the  skin  layer  by  6  and  the  mean  free 
path  of  the  electron  by  X.  In  order  for  the  electron  to  traverse  the 
skin  layer  the  time  required  on  the  average  Is 


During  the  time  tj^,  the  amplitude  and  phase  of  the  oscillating  magnetic 
field  change  by  approximately  e  times.  Consequently,  In  place  of  a 
definite  frequency  of  magnetic  field  acting  on  the  electrons  within 
the  layer,  we  have  a  frequency  band  of  width  l/tjj.  Since  usually 
tp  «  Tj^,  It  appears  at  first  glance  that  the  width  of  the  resonance 
line  should  Increase  from  1/t  to  l/tjj.  Actually,  however,  the  width 
remains  practically  constant,  but  the  form  of  the  line  changes. 

I’hls  unexpected  result  is  explained  as  follows.  The  alternating 
magnetic  field  can  be  represented  In  the  form 

(6. 12) 

where  f(t)  Is  a  modulation  factor  which,  however,  cannot  be  regarded  as 
a  perfectly  random  fimctlon  of  the  time.  After  a  time  t,  each  electron 
e:Q)erlenced  a  large  number  of  Individual  pulses,  separated  by  unequal 
Intervals.  The  pulses  arise  near  the  stirface  of  the  metal,  where  the 
amplitude  f(t)  Is  large.  During  the  Intervals  between  the  pulses,  the 
electron  is  for  the  most  part  away  from  the  surface,  where  f(t)  Is 
close  to  zero.  The  decisive  facts  are  as  follows:  1)  there  Is  a  large 
probability  that  the  electron  will  encounter  the  sxu’face  of  the  metal 
many  times  during  the  time  t;  2)  every  time  that  the  electron  approaches 
the  surface,  the  phase  of  f(t}  assumes  the  same  value,  and  consequently 
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the  integral  of  f(t)  taken  over  the  time  Interval  between  two  pulses 
differs  from  zero. 

Let  us  examine  the  spectral  composition  of  P(t).  Each  pulse  pro¬ 
duces  a  spectrum  distributed  with  approximately  equal  Intensity  over  a 
band  of  width  l/tjj.  Owing  to  factors  1)  and  2),  the  interference  be¬ 
tween  the  spectra  produced  by  a  large  number  of  pulses  causes  a  cen¬ 
tral  maximum,  corresponding  to  the  frequency  v,  to  become  separated 
within  a  band  of  width  lAjj.  The  Interval  between  two  successive  pulses 
Is  a  random  quantity,  which  can  assume  values  from  zero  to  t.  There¬ 
fore,  if  we  average  the  spectrum  of  each  electron  over  all  the  elec¬ 
trons,  we  obtain  a  cvirve  with  a  flat  maxlmtun  of  width  1/tjj,  on  which 
Is  superimposed  a  sharp  peak  of  approximate  width  l/x. 

We  present  the  results  of  Dyson's  calculations.  In  addition  to 
the  time  parameters  t  and  t^  which  we  have  already  encountered,  we 
find  It  useful  to  Introduce  a  third  one,  namely  the  time  t^  needed  by 
the  electron  to  traverse  the  entire  metal  specimen.  If  the  metallic 
particles  are  so  fine  that  t^  «  tj^,  then  the  skin  effect  Is  negligible 
and  the  power  absorbed  by  the  paramagnetic  material  In  the  volume  V 
can  be  represented.  In  accordance  with  (1.9)*  (1.19)*  and  (5.2),  In 
the  following  form: 

Pk= •  (6.13) 

We  assume  here  and  throughout  that  there  Is  no  saturation;  thereupon 
we  assume  that  In  the  metal  Tg  =  t.  In  addition,  we  neglect  here  and 
In  what  follows  the  nonresonant  absorption  proportional  to  gg  (see 
§§1.4  and  5.1). 

In  the  opposite  case,  when  t^  »  t^.  It  Is  necessary  to  distin¬ 
guish  In  the  solution  of  the  problem  concerning  the  form  of  the  reso¬ 
nance  line  In  metals  between  regions  of  normal  and  anomalous  skin  ef- 


feet.  In  the  former  case  the  depth  of  penetration  of  the  alternating 
field  Into  the  metal  Is  determined  by  the  classical  value  6  = 
where  a  Is  the  electric  conductivity  of  the  metal,  while  In  the  latter 
case  the  depth  of  penetration  Is  characterized  by  the  mean  free  path  X. 
We  first  consider  the  case  of  normal  skin  effect.  The  general  formula 
for  the  absorbed  power  Is 


where 


p,  =  —  v,x«x 

x[-^4 

/?(l 


/  /?*(x*-I)+I-2P'x^/ 
2x1  1(P«*_|)*  +  /?*J4 

xf - 

/?(!+*•)* 


(6.14) 


and  Aq  Is  the  area  of  the  metal  surface.  This  formula  can  be  simpli¬ 
fied  for  certain  cases  of  practical  Importance. 

Let  us  assume  that  tjj/x  «  1.  If  this  condition,  which  applies  to 
metals  with  high  conductivity  (low  temperatures  and  narrow  lines).  Is 
fulfilled  then,  accxirate  to  quantities  proportional  to  R,  we  have 

P,=-[«N//?(«A,)  wj(-v)  *  (6. 15) 

(!+*•)* 

If  tj/T  »  1,  which  holds  true  when  the  diffusion  of  the  magnetic 
dipoles  Is  very  slow,  then  (6.l4)  assumes  the  form 

This  formula  was  derived  already  by  Bloembergen  [23],  who  Investigated 
the  Influence  of  skin  effect  on  the  form  of  the  resonance  line  In  the 
case  when  diffusion  does  not  play  any  role.  The  present  case  Is  en- 
coiintered  when  one  deals  with  paramagnetic  resonance  In  metals,  brovight 
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about  by  paramagnetic  Impurities,  nuclear  spins,  or  the  core  of  the 
crystal  lattice  (transition  metals). 

At  low  temperatures  the  skin  effect  becomes  anomalous.  If  we  as¬ 
sume  furthermore  that  tp/x  «  1,  then  the  formula  for  the  absorbed 
power  assumes  the  form 


P,  ==  [itS//*  (M),  ■  6  ^  ^ 

(l+x*)* 

[(!+»») 


+  2Z,Z,- 


I 


1 


}• 


(6.17) 


(l  +  x«)»|*| 

where  and  Zg  define  the  complex  Impedance  Z  =  Z^^^  +  IZg. 


Pig.  6.1.  Paramag¬ 
netic  resoneince  ab¬ 
sorption  in  a  thick 
layer  of  metal.  The 
curves  show  the  de¬ 
pendence  of  the  ab¬ 
sorbed  power  on 

the  quantity  ^(Hq  - 

—  H*)t  for  various 
values  of  R.  1)  R  = 
=  «;  2)  R  =  jO.l; 
3)  R  =  0. 


Many  authors  have  rigorously  established 
and  developed  the  theory  of  paramagnetic  reso¬ 
nance  vinder  conditions  of  both  normal  and 
anomalous  skin  effect.  By  means  of  a  bril¬ 
liant  method  using  the  kinetic  equation  for 
the  statistical  conduction  electron  density 
operator,  Sllln  [24]  derived  for  the  magneti¬ 
zation  vector  the  differential  equation  which 
served  as  the  basis  for  I^yson's  work.  Llf- 
shits,  Azbel',  and  Gerasimenko  [25],  who  de¬ 
rived  independently  of  Sllln  an  analogous 
kinetic  equation,  carried  out  a  general  anal¬ 
ysis  of  the  behavior  of  the  conduction  elec¬ 
trons  In  a  constant  magnetic  and  In  an  arbit¬ 
rary  alternating  electron  magnetic  field. 


From  among  the  many  results  which  they  obtained,  we  note  that 
they  calculated  the  paramagnetic  resonance  line  form  under  saturation 
conditions.  It  Is  Interesting  that  resonance  saturation  In  bulky  spec- 


-  317  - 


Pig.  6.2.  Paramag¬ 
netic  resonaince  ab¬ 
sorption  In  a  thick 
layer  of  metal. 
Curves  showing  the 
dependence  of  the 
derivative  dP^dll^ 

of  the  absorbed 
power  with  respect 
to  the  field  on  the 
quantity  ^(Hq  —  H*)t 


for  various  values 
of  R.  1)  R  =  co;  2) 

R  =  3)  R  =  0. 


Imens  calls  for  much  larger  amounts  of  power 
than  In  the  case  when  the  skin  effect  Is  in¬ 
significant.  The  question  of  paramagnetic 
resonance  In  superconductors  Is  considered  In 
[26]  where,  in  particular.  It  is  shown  that 
this  effect  Is  Impossible  In  bulky  conductors. 

Let  us  proceed  to  compare  the  theoreti¬ 
cal  results  with  the  experimental  data,  which 
are  cited  principally  In  [8].  Figure  6.1 
shows  the  characteristic  curve  of  paramagnetic 
resonance  absorption  In  a  thick  layer  of  metal. 
We  see  that  the  curve  Is  the  result  of  a  cer¬ 
tain  superposition  of  the  usual  curves  for  x' 
and  x"*  Figure  6.2  shows  an  analogous  curve 
for  the  derivative  of  the  absorption  with  re- 


Plg.  6.3a.  Dependence 
of  the  ratio  A/B  on 

R  =  ( 


spect  to  the  field,  dP^dH,  which  Is  frequently  measured  in  the  experi¬ 


ments.  For  comparison  with  experiment,  it  is  convenient  to  trace  the 


values  assumed  by  the  ratio  A/B  or  A’/B'.  Flgiffe  6.3a  shows  the  varla- 
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tlon  of  these  ratios  as  fxinctlons  of  R  =  (tjj/r)^'^^.  It  is  easy  to  vary 
R  over  a  wide  range  by  changing  over  from  room  temperature  to  hellxun 
temperature.  For  sodium  and  berylllian,  the  specimen  surfaces  of  which 
were  very  smooth,  the  experimental  curves  are  quite  close  to  the  the¬ 
oretical  ones.  For  other  metals,  discrepancies  were  observed  apparently 
connected  with  the  appreciable  variation  of  the  dlffvislon  time  t^  re¬ 
sulting  from  unevenness  In  the  metal  surface. 

The  experimental  values  of  A/B  can  obviously  be  used  to  determine 
the  diffusion  times  t^.  The  diffusion  time  measured  In  this  fashion 
for  beryllium  turned  out  to  be  In  good  agreement  with  the  value  ob¬ 
tained  with  the  aid  of  (6.11). 

Knowledge  of  the  ratio  A/B  or  A'/B*  Is  very  Important  also  because 
It  makes  possible  separation  of  the  effect  exerted  on  the  conduction 
electrons  from  the  effect  due  to  the  paramagnetic  Impurities.  It  Is 
seen  from  Fig.  6.3b  that  for  the  conduction  electrons  the  ratio  A’/B' 
always  exceeds  2.7.  It  can  be  shown  that  for  Impurities  A'/B'  <  2.7. 

For  alkali  metals  the  depth  of  penetration  of  a  field  of  frequency 
3*10°  cps  at  a  temperatiire  40°K  becomes  equal  to  the  mean  free  path. 

It  Is  therefore  understandable  why  the  experimental  absorption  curve 
obtained  for  sodium  at  4°K  corresponds  to  Formula  (6.I7),  which  holds 
true  under  the  conditions  of  anomalous  skin  effect. 

§6.3.  Transition  Metals 

We  can  ejq)ect  the  paramagnetic  resonance  due  to  the  atoms  that 
fom  the  core  of  the  crystal  lattice  to  be  observable  In  transition 
metals.  The  first  positive  result  In  the  case  of  the  Iron-group  ele¬ 
ments  was  obtained  In  copper -manganese  alloys  containing  from  11  to 
0.07JC  manganese  [27,  28].  The  choice  of  the  substance  was  dictated  by 
the  following  considerations:  a)  the  conduction  band  of  copper  has  a 
sliiQ)le  structure,  since  It  contains  4s  electrons  with  Isotropic  effec- 


tive  mass  close  to  the  mass  of  the  free  electrons;  b)  from  data  on  the 
static  susceptibility  one  can  conclude  that  two  4s  electrons  of  the 
manganese  atoms  are  Included  among  the  particles  that  fill  the  conduc¬ 
tion  band,  and  therefore  the  manganese  Ions  are  In  the  state;  c) 

by  virtue  of  the  fact  that  the  manganese  Ions  are  In  the  S  state,  we 
can  expect  those  mechanisms  of  spin-lattice  relaxation,  the  effect  of 
which  depends  on  the  magnitude  of  the  spln-orblt  coupling,  to  be  of 
little  effectiveness;  d)  we  can  expect  the  paramagnetic  coupling  be¬ 
tween  the  manganese  atoms  to  be  due  to  Indirect  ^  exchange  forces. 

The  operator  of  ^  exchange  Interaction  has  the  simple  form 

(6.18) 

where  §  pertains  to  the  spin  of  the  manganese  Ion,  and  s  pertains  to 
the  spin  of  the  conduction  electron.  On  the  basis  of  optical  data  con¬ 
cerning  the  magnitude  of  the  exchange  Interactions  In  the  free  man- 
ganese  atom,  we  can  estimate  the  ^  coupling  constant  at  I  =  —7*10 
erg.  The  operator  (6.18)  has  the  same  form  as  the  operator  Ais  of  the 
hyperflne  Interaction  between  the  conduction  electrons  and  the  nuclear 
spins  of  the  metal.  This  Interaction,  as  Is  well  known,  determines  the 
form  of  the  paramagnetic  nuclear  resonance  line  In  metals  [1?].  It 
brings  about,  first  of  all,  the  so-called  Knight  shift  [29]  of  the  po¬ 
sition  of  the  resonant  peak;  owing  to  the  magnetization  of  the  conduc¬ 
tion  electrons  under  the  influence  of  the  external  magnetic  field  Hq, 
the  nuclear  spins  will  be  acted  upon  not  only  by  this  field  but  also 
by  the  internal  field  =  XM^,  where 

(6.19) 

and  Mg  Is  the  length  of  the  magnetization  vector  of  the  conduction 

^  A 

electrons.  Second,  the  AIs  Interaction  gives  rise  to  the  main  mechanism 
of  spin-lattice  relaxation. 


-  320  - 


If’ 


Applying  the  deduction  of  nuclear  theory  to  our  case,  we  obtain 
for  an  alloy  containing  say  maxiganese  the  following  formula,  which 
determines  the  relative  change  In  the  g  factor; 

(6.20) 

g  —  T’ 

The  formula  for  the  spin-lattice  relaxation  time  (6.5)  can  be  rewrit¬ 
ten  In  the  form 


8/it{ 

WkW  • 


(6.21) 


The  experimental  Investigations  were  carried  out  at  wavelengths 
3*3  and  1.2  cm  In  the  temperature  Interval  from  2  to  300°K.  The  values 
of  the  £  factor  corrected  for  the  line  form  distortion  by  the  skin  ef¬ 
fect,  using  the  method  Indicated  In  the  preceding  section,  turned  out 
to  be  very  close  to  2.  On  the  other  hand,  the  measured  width  of  the 
resonance  line  turned  out  to  be  approximately  5  times  smaller  than  the 
value  given  by  Formula  (6.21).  Thus,  if  the  exchange  sd  Interactions 
do  Indeed  detemlne  the  magnetic  properties  of  the  alloys  which  we  are 
considering,  then  their  magnitude  should  be  approximately  one  order  of 
magnitude  smaller  than  in  the  case  of  free  atoms. 

The  splitting  of  the  spin  levels  by  the  electric  field  of  the 
crystal  could  not  be  discerned  at  all  experimentally;  the  reason  for 
It  Is  that  the  screening  action  of  the  conduction  electrons  makes  these 
splittings  very  small.  Nor  was  It  possible  to  observe  the  hyper fine 
structiu’e  of  the  absorption  lines,  a  fact  which  apparently  Indicates  a 
very  weak  s-conflg;u*atlon  Interaction. 

Along  with  copper -manganese  alloys,  silver-manganese  eind  magnesium- 
manganese  alloys  were  also  Investigated.  All  these  alloys  acquired  an- 
tlferromagnetlc  properties  at  low  temperatures. 

Let  iU3  proceed  to  consider  the  rare  earth  metals.  Jbqjerlmental 
data  on  the  paramagnetic  resonance  of  this  group  of  transition  metals 
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are  exceedingly  scanty  [30,  31]  and  do  not  allow  us  to  make  reliable 
theoretical  generalizations.  Some  theoretical  conclvislons  are  given  In 

[32]. 

With  respect  to  their  magnetic  properties,  the  rare  earth  element 
metals  occupy  a  special  place,  for  the  paramagnetism  of  these  metals 
Is  almost  completely  due  to  the  4f  electrons  which  lie  deep  Inside  the 
atoms;  the  conduction  electrons  exert  a  negligible  Influence  on  the 
magnetic  susceptibility.  Becavise  of  this  we  can  assume  that  the  gen¬ 
eral  methods  for  calculating  the  paramagnetic  properties,  developed 
and  applied  successfully  to  the  salts  of  the  rare  earth  elements,  are 
applicable  In  first  approximation  also  to  metals.  The  Interpretation 
of  the  paramagnetic  resonance  spectra  for  rare  earth  metals  becomes 
simpler  by  the  fact  that,  unlike  the  salts,  the  symmetry  of  the  In- 

I 

ternal  electric  field  of  a  metal  always  coincides  with  the  symmetry  of 
the  crystal  lattice. 

Of  particular  Interest  are  the  paramagnetic  absorption  lines,  the 
positions  of  which  are  independent  of  the  direction  of  the  static  mag¬ 
netic  field  relative  to  the  crystal  axes,  since  the  available  experi¬ 
mental  data  pertain  only  to  polycrystalline  specimens.  Such  lines  can 
appear  In  crystals  that  have  a  cubic  lattice,  for  It  Is  easy  to  show 
that  If  doubly  or  triply  degenerate  energy  levels  are  produced  vinder 
the  Influence  of  the  cubic -symmetry  electric  field,  then  further  split¬ 
ting  of  these  levels  by  a  weak  magnetic  field  will  be  Independent  of 
the  direction  of  this  field  relative  to  the  cube  axes.  Among  the  rare 
earth  metals  possessing  a  cubic  lattice  are  S-cerlum,  S-praseodymlum, 
eviroplvim,  and  ytterbium.  The  theoretical  conclusions  concerning  the 
spectrvun  of  ^-cerlum  tvirn  out  to  be  In  good  agreement  with  the  ejQ)erl- 
mental  results.  It  was  assumed  In  the  calculations  that  the  metal  atcxn 
lacks  three  electrons.  This  assvimptlon  follows  from  data  on  the  static 


susceptibility  and  Is  confirmed  here  directly. 

From  among  the  metals  possessing  hexagonal  lattices,  we  shall 
dwell  primarily  on  a-cerlum,  neodymlvun,  and  dysprosium,  the  Ions  of 
which  have  odd  numbers  of  electrons.*  The  energy  levels  produced  In 
these  Ions  by  the  electric  field  of  the  crystals  are  doubly  degenerate. 
If  we  make  certain  natural  assumptions  we  find  that  there  should  exist 
only  one  absorption  line,  the  position  of  which  Is  determined  by  the 
spectroscopic  splitting  factor 

l  +  ,  q=^J'-\-J—^,  (6.22) 

where  gQ  Is  the  Lande  factor  for  the  free  ion  and  Is  the  angle  be¬ 
tween  the  direction  of  the  static  magnetic  field  and  the  crystal  hex¬ 
agonal  axis.  Calculation  shows  that  for  a  polycrystalllne  specimen  the 
absorption  line  Intensity  Is  proportional  to 

/  2?sln*4 

P-{j+2)  (6-23) 

Elimination  of  from  Ponnulas  (6.22)  and  (6.23)  enables  us  to  estab¬ 
lish  with  the  aid  of  (1.2)  the  dependence  of  the  magnitude  of  the  para¬ 
magnetic  absorption  on  the  Intensity  of  the  static  field.  The  theoret¬ 
ical  CTirves  obtained  In  this  fashion  are  in  satisfactory  agreement 
with  the  experimental  absorption  curves  for  cerlvun  and  neodyrolimi. 

The  only  rare  earth  metal  with  a  tetragonal  lattice,  samarium, 
should  have  the  same  spectrum  as  a-cerlum,  provided  very  simple  as¬ 
sumptions  are  made  concerning  the  coefficients  that  detennlne  the  po¬ 
tential  of  the  crystalline  field.  Metals  whose  Ions  contain  an  odd  niim- 
ber  of  electrons  (a-Pr,  Tb,  Ho,  and  Tta)  have  a  hexagonal  lattice.  It 
Is  easy  to  show  that  In  this  case  the  probabilities  of  the  magnetic 
dipole  transitions  between  nearby  Zeeman  sublevels  are  equal  to 
zero  in  first  approximation. 

If  It  Is  assxaned  that  the  theory  of  spin-lattice  relaxation  de- 
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veloped  above  for  the  rare  earth  element  salts  (see  §5.3)  Is  also  ap¬ 
plicable  to  metals,  then  we  obtain  for  the  time  t  values  that  are  sev¬ 
eral  times  larger  because  the  density  and  velocity  of  sound  In  metals 
are  appreciably  larger;  In  addition.  It  Is  necessary  to  bear  In  mind 
that  the  electric  field  Inside  metal  crystals  Is  much  weaker,  owing  to 
the  screening  effect  of  the  conduction  electrons.  This  probably  makes 
It  possible  to  observe  paramagnetic  resonance  In  rare  earth  metals  at 
room  temperature. 

Gadolinium,  the  triply  charged  Ion  of  which  Is  In  the  S  state, 
occupies  a  special  position.  Gadolinium  Is  paramagnetic  at  temperatures 
above  l6°C.  The  measurements  of  resonant  absorption  [30],  made  at  a 
frequency  2.43*10^^  cps  and  at  a  temperature  105. 5°C,  have  shown  that 
g  =  1.95,  and  the  line  width  Is  independent  of  the  temperature  and  has 
a  value  of  approximately  4000  oersted. 

The  question  of  resonant  absorption  of  ultrasound  by  rare  earth 
metals  was  also  considered  theoretically  [33].  In  some  cases  this  ef¬ 
fect  should  be  quite  appreciable. 

§6.4.  Impurity  Semiconductors 

In  the  first  work  [34]  devoted  to  paramagnetic  resonance  In  im¬ 
purity  semiconductors,  the  effect  was  established  at  a  frequency  v  = 

Q 

=  9*10^  cps  In  powdered  specimens  of  n-type  silicon,  containing  be- 

n  Q  T  O 

tween  1*10  and  2«10  phosphorus  atoms  per  cubic  centimeter.  To  elim¬ 
inate  the  skin  effect,  minute  silicon  grains,  with  radius  one  order  of 
magnitude  smaller  than  the  depth  of  the  skin  layer,  were  embedded  in 
paraffin.  The  measurements  were  made  at  temperatiu*es  between  4  and 
300°K.  One  absorption  line  was  observed  with  Lorentzlan  shape.  The  po¬ 
sition  of  the  absorption  peedc  was  Independent  of  the  temperature  and 
was  determined  by  a  factor  g  =  2.001  +  0.001.  The  width  of  the  reso¬ 
nance  line  Increased  rapidly  with  temperature  from  about  2  oersted  at 


4°K  to  30  oersted  at  300°K.  When  working  with  a  klystron  generator,  no 
parajnagnetlc  resonance  saturation  could  be  observed  even  at  helium  tem¬ 
peratures.  We  can  therefore  conclude  that  the  longitudinal  relaxation 
time  is  <  10"^  sec  at  a  temperature  4°K.  Wlllenbroek  and  Bloember- 
gen  [35]  have  observed  at  this  same  alternating  field  frequency  para¬ 
magnetic  resonance  in  both  n-tsrpe  and  p-tjrpe  silicon.  The  measv>rements 
were  made  at  78°K,  and  the  Impxuclty  concentration  was  varied  from  5  x 
X  10^^  to  5*10^®  atoms  per  cubic  centimeter.  The  position  of  the  ab¬ 
sorption  peak  was  the  same  for  electrons  and  for  holes,  and  corres¬ 
ponded  to  g  =  2.00.  The  intensity  of  the  absorption  line  was  propor¬ 
tional  to  the  impurity  concentration. 

Fletcher  et  al.  investigated  paramagnetic  resonance  at  helium 
temperatures  in  single  crystals  of  silicon  doped  with  phosphorus,  ar- 

T  O 

senlc  [36],  and  antimony  [37]*  At  concentrations  of  about  10  atoms 
per  cubic  centimeter,  one  absorption  peak  is  observed,  the  position  of 
which  varies  somewhat  depending  on  the  slope  of  the  static  magnetic 
field  relative  to  the  crystal  axes.  When  the  field  is  parallel  to  the 
[100]  axis,  we  have  for  the  case  of  arsenic  g  =  2.0004  +  O.OOO5.  The 
line  width  was  always  less  than  3  oersted. 

From  all  the  foregoing  we  can  conclude  that  paramagnetic  reso¬ 
nance  absorption  is  due  to  the  conduction  band  electron  spins.  This 
conclusion  follows  first  of  all  from  the  possibility  of  observing  the 
effect  at  temperatures  corresponding  to  an  average  energy  of  thermal 
motion  much  larger  than  the  ionization  energy  of  the  impurity  atom  (ap¬ 
proximately  0.05  ev).  Other  evidence  in  favor  of  this  conclusion  is 
the  relatively  high  impurity  concentration  in  the  tested  specimens  and 
the  absence  of  hyperflne  splitting  of  the  resonance  line. 

The  broadening  of  the  paramagnetic  absorption  line  has  app£u?ently 
a  spin-lattice  character.  Indeed,  it  is  easy  to  calculate  that  the 
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width  due  to  magnetic  dipole  Interactions  of  the  electron  spins  should 
be  of  the  order  of  0.1  oersted.  Hyperflne  Interactions  of  electron 
spins  with  phosphorus  nuclei  and  with  nuclei  of  the  odd  Isotope  of 
silicon*  cannot  make  a  noticeable  contribution  to  the  line  width,  ow¬ 
ing  to  the  rapid  motion  of  the  electrons.  Nor  can  surface  recombina¬ 
tion  of  the  electrons  and  holes  play  any  appreciable  role,  since  this 
process  is  quite  slow. 

Elliott  [18]  considered  the  Influence  of  spln-orblt  Interaction 
of  conduction  electrons  on  the  magnitude  of  the  £  factor  and  the  spin- 
lattice  relaxation  time  of  semiconductors.  He  found  that  the  change  In 
the  g  factor  Is 

(6.24) 


where  AE  Is  the  Interval  between  the  lowest  conduction  band  and  the 
nearest  bauid  having  the  same  transformation  properties.  If  It  Is  recom¬ 
mended  that  the  spln-orblt  coupling  constant  for  a  silicon  atom  Is 

-1 

\  »  100  cm  and  that  experiment  yields  Ag  »  3*10  »  we  obtain  with 

the  aid  of  (6.24)  a  sensible  value  of  approximately  4  ev  for  AE. 

The  spin- lattice  relaxation  time  can  be  calculated  from  the  fol¬ 
lowing  formula  (see  (6.7)) 


X 


(6.25) 


If  Ag  Is  small.  For  n-type  silicon,  the  Impact  time  at  high  tempera¬ 
tures  Is  Independent  of  the  Impurity  concentration  and  Its  value  Is  [38] 


*  sec.  (6.26) 

_Q  o 

Hence  t  «  10  sec  at  T  =  300  K,  l.e.,  the  line  Width  Is  equal  to  ap¬ 
proximately  50  oersted,  which  Is  In  good  agreement  with  the  measured 
value  of  approximately  30  oersted.  For  germanium,  the  constants  and 
X  are  larger  than  for  silicon  by  5  and  20  times,  respectively.  Conse- 
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quently,  the  line  width  of  germanliun  should  be  approximately  10^  times 
larger  than  for  silicon,  which  apparently  explains  the  negative  re¬ 
sults  of  the  first  experiments  with  germanlvim.* 

At  low  temperatures  and  low  impurity  concentrations,  the  paramag¬ 
netic  resonance  absorption  is  due  to  the  spins  of  the  electrons  boxind 
to  the  donors.  This  fact  manifests  Itself  most  clearly  in  the  presence 
of  a  hyperflne  structiire  of  the  resonance  lines,  which  indicates  that 
there  is  a  definite  coupling  between  the  electron  spin  and  the  moment 
of  the  impurity  atom  nucleus.  Measvirements  [36]  carried  out  at  a  fre¬ 
quency  V  =  2.4*10^^  cps  at  a  tenperature  of  4.2°K,  on  specimens  con- 
talning  from  5*10  °  to  10  atoms  of  arsenic  per  cubic  centimeter, 
have  disclosed  four  equidistant  linos  in  accordance  with  a  nuclear  spin 
of  3/2  for  As^^.  The  Interval  between  neighboring  hyperflne  components 
is  approximately  73  oersted,  and  the  width  of  each  component  is  about 
10  oersted.  If  silicon  is  doped  with  acceptors  (boron),  the  magnitude 
of  the  effect  is  decreased.  In  addition,  it  was  established  that  prior 
elastic  deformation  of  the  semiconductors  at  a  temperature  of  1000°C 
leads  to  a  considerable  Increase  in  the  intensity  of  the  absorption 
lines;  the  nature  of  this  phenomenon  is  not  quite  clear. 

In  the  case  of  phosphorus-doped  specimens,  two  conponents  spaced 
42  oersted  apart  were  observed,  in  conformance  with  a  value  of  1/2  for 
the  nuclear  spin  of  p31. 

In  specimens  containing  4*10^^  atoms  of  antimony  per  cubic  centl- 

121  12'^ 

meter,  owing  to  the  presence  of  two  odd  Isotopes  Sb  and  Sb  with 
nuclear  spins  5/2  and  7/2,  respectively,  the  paramagnetic  spectrum  con¬ 
sists  of  6  +  8  hyperflne  components  [37].  The  ratio  of  the  intensities 
of  these  two  groups  of  lines  corresponds  rlgoro\isly  to  the  percentage 
content  of  the  given  Isotopes,  while  the  total  splittings  of  these 
line  groups  (69  and  38  oersted)  correspond  exactly  to  the  magnetic  mo- 


ments  of  the  nuclei  (p,  =  3.360pjj)  and  Sb^^^  (ti  =  2.5^7Pjj). 

An  attempt  to  observe  paramagnetic  resonance  In  semiconductors 
containing  10^^  atoms  of  boron  and  3*  10^"^  atoms  of  aluminum  per  cubic 
centimeter  yielded  negative  results. 

Honlg  and  Kip  [39]  observed  paramagnetic  resonance  at  a  frequency 
V  =  8.8*10^  cps  In  the  temperature  range  4-20°K,  In  a  silicon  specljnen 
containing  7*10^^  atoms  of  lithium  per  cubic  centimeter.  No  hyperflne 
struct\ire  was  established.  The  position  of  the  single  absorption  peak 
corresponded  to  g  =  1.999,  the  line  width  was  1.5  oersted,  and  the 
line  shape  was  Gaussian. 

Kohn  and  Lttttlnger  [40]  undertook  to  ascertain  to  what  degree  the 
experimentally  obtained  values  of  the  hyperflne  splittings  of  paramag¬ 
netic  resonance  lines  are  compatible  with  the  assumption  that  the  hy¬ 
perflne  structiu'e  Is  due  to  the  Interaction  between  the  donor  nuclei 
and  the  electrons  localized  near  the  donors  and  situated  In  well-known 
donor  states  with  Ionization  energy  0.04-0.05  ev.  The  total  hyperflne 
splitting  (AH)jjp3  of  the  energy  level,  expressed  In  oersted,  can  be 
represented  In  the  form 

ItWlVo.  (6.27) 

where  Is  the  nuclear  magnetic  moment,  f{r)  Is  the  wave  fvinctlon  of 
the  electron  bound  to  the  donor,  and  r  Is  the  radius  vector  drawn  from 
the  nucleus  to  the  electron.  Table  6.1  lists  the  experimental  values 
of  |V'(0)l2. 

I 

The  function  f{r)  obeys  the  Schroedlnger  equation 

[-Sv*+v^('-)+i/W-^]'I'(r)=o.  (6.28) 

where  V(r)  is  the  potential  energy  of  the  electron  In  the  periodic 
field  of  the  crystal  lattice  of  silicon,  and  U(r)  Is  the  Initial  energy 
that  arises  when  one  of  the  silicon  atoms  Is  replaced  by  an  In^urlty 
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atom.  At  distances  large  compared  with  Interatomic  distances  we  have 
U(r)  =r  -e^/er,  where  e  Is  the  dielectric  constant  of  the  medium;  for 
silicon,  e  =  13.  The  solution  of  (6.28)  entails  great  difficulties 
since,  first,  the  band  wave  function  Is  unknown  for  silicon,  and,  sec¬ 
ond,  the  Introduction  of  the  concept  of  the  electron  effective  mass  Is 
not  allowed  near  the  donor.  As  a  result  of  detailed  calculations  under¬ 
taken  for  phosphorus,  it  was  found  that  1V'(0)1^  =  0.4*10^^  cm“^,  which 
Is  In  much  better  agreement  with  the  experimental  data  than  would  be 
expected  from  thi^  assumptions  made.  A  rough  estimate  gives  a  ratio 
[Tf'(O)  1  p  ~  So  small  a  value  of  |V’(0)l£^  fully  explains 

the  negative  results  of  attempts  made  to  observe  the  hyperflne  stinic- 
ture  of  the  absorption  line  In  silicon  doped  with  lithium. 

TABLE  6.1 

Experimental  Values  of  1^(0)|^ 


1 

tN 

1 

>!:W 

3 

7si/r» 

1 

Li'  1 

1 

3 

2 

2,17 

0,055 

1 

0,056 

• 

0 

i 

0,1 

pii 

1 

2 

2,26 

0,44 

7.8 

560 

ISO 

As« 

3 

2 

0,957 

1,80 

U.0 

56 

1000 

Sb'*> 

5 

2 

1,37 

1,20 

13,0 

1 

41 

2000 

Sb'«' 

7 

2 

0,724 

1,20 

7.0 

97 

820 

1)  cm"^;  2)  erg;  3)  min. 


During  the  observation  of  the  hyperflne  structure  of  paramagnetic 
resonance  spectrum  in  silicon  containing  Impurities  of  group  V  ele¬ 
ments,  weak  satellites,  located  halfway  between  each  pair  of  hyperflne 
components,  were  observed  In  addition  to  the  21+1  lines  [36,  37]. 
Sllchter  [41]  has  shown  that  such  satellites  should  appear  If  one  ad¬ 
mits  of  exchange  Interactions  of  the  type  Ii§iS2  l5®tween  an  electron 
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pair  belonging  to  two  donors  that  are  accidentally  In  the  vicinity  of 
each  other.  Prom  this  Interpretation  of  the  nature  of  the  satellite  It 
follows  that:  a)  the  Intensity  of  the  central  satellite  Is  twice  that 
of  the  outer  ones;  b)  the  Intensity  of  the  satellites  should  depend  on 
the  concentration  of  the  Impurities:  at  low  concentrations  the  Inten¬ 
sities  should  be  proportional  to  the  concentration,  and  at  large  con¬ 
centrations  additional  satellites  should  appear,  connected  with  fam¬ 
ilies  of  three  or  four  electrons;  c)  If  I  W?,  then  the  Intensity  of 
the  satellites  should  depend  strongly  on  the  tempera tiire  of  the  semi¬ 
conductor,  approximately  as  exp(-l/lCT);  d)  a  dependence  on  the  mechan¬ 
ical  working  Is  also  possible.  If  this  working  Influences  the  charac¬ 
ter  of  the  donor  distribution. 

In  the  experiments  undertaken  to  check  on  Sllchter's  theory  [42], 
the  measxirements  were  carried  out  at  1.2°K  and  with  an  alternating 

q 

field  of  frequency  v  =  9*10^  cps  using  two  samples  of  silicon,  contain¬ 
ing  10^*^  and  4.10^^  phosphorus  atoms  per  cubic  centimeter.  Additional 
absorption  maxima,  corresponding  to  the  exchange  between  a  pair,  a 
triplet,  and  a  quartet  of  electrons,  were  observed  In  the  positions 
predicted  by  the  theory. 

Let  us  proceed  to  an  analysis  of  the  spin-lattice  relaxation  of 
the  electrons  localized  near  the  donors.  As  a  result  of  ejqjerlments 
made  on  silicon  samples  containing  up  to  10^^  Impurity  atoms  per  cubic 
centimeter.  It  was  established  that  the  spin-lattice  relaxation  time 
at  hellvan  temperatures  amounts  to  minutes  [43  ,  44].  Such  large  re¬ 
laxation-time  values  are  usvially  characteristic  of  nuclear  spins.  With 
Increasing  Impurity  concentration,  the  time  t  begins  to  decrease  rap¬ 
idly,  apparently  owing  to  the  stronger  Interaction  between  the  bound 
electrons  and  the  conduction  band  electrons.  The  correctness  of  this 
explsmatlon  Is  confirmed  directly  by  the  fact  that  the  time  t  decreases 


to  several  milliseconds  If  the  semiconductor  is  exposed  to  light  [45]. 

The  theory  of  this  phenomenon  was  presented  by  Pines,  Bardeen, 
and  Sllchter  [46]  and  was  later  developed  by  Abrahams  [47].  The  calcu¬ 
lations  were  made  in  order  to  estimate  the  order  of  magnitude,  and 
consequently  several  simplifications  were  made;  a)  the  complex  wave 
function  of  the  bound  electron  was  replaced  by  the  function  of  an  elec¬ 
tron  with  effective  mass  m*  =  0.3m  in  a  minimal -energy  state;  b)  all 
the  angular  dependences  were  left  out;  c)  the  action  of  only  longi¬ 
tudinal  phonons  was  taken  into  account.  The  following  were  considered 
from  among  the  various  relaxation  mechanisms. 

1.  Modulation  of  electron-nuclear  hyperflne  interaction.  Changes 
bro\ight  about  by  lattice  vibration  In  the  potential  energy  V(r),  which 
is  contained  In  Eq.  (6.28),  manifest  themselves  on  the  wave  function 
and  consequently  on  the  magnitude  of  the  Interaction  between  the  elec¬ 
tronic  and  nuclear  spins.  The  relaxation  time  is 

~  8«s{Ar^M*  '  (6.29) 

where  Vq  Is  the  resonant  frequency,  A  Is  the  hyperflne  structure  con¬ 
stant,  and  a  Is  a  numerical  factor  of  order  10-100. 

Table  6.1  lists  the  values  of  T„  for  different  3mp\jrities  in  sil- 

A 

Icon,  calculated  under  the  assumption  that  a  =  50,  Vq  =  9*10^  cps,  and 
T  =  1.2°K. 

2.  Modulation  of  the  hyperflne  Interaction  of  the  bound  electrons 

OQ 

with  the  SI  ^nuclei.  We  designate  the  relaxation  time  due  to  the  given 
mechanism  by  Tg^.  Calculation  shows  (see  Table  6.1)  that  »  1 

In  all  cases,  except  lithium.  Consequently,  this  mechanism  can  be  sig¬ 
nificant  only  for  silicon  with  lithlimi  In^vu'lty. 

3.  Modulation  of  spln-orblt  Interaction  of  the  electrons.  This 
mechanism,  which  Is  the  most  Important  for  the  conduction  electrons. 
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is  of  little  effectiveness  In  oup  case.  If  single-phonon  processes  are 
taken  Into  account.  Combination  scattering  of  phonons  yields  for  the 
relaxation  time 


(6.30) 


It  follows  therefore  that  at  ten®»eratures  above  that  of  hydrogen,  this 
mechanism  should  play  the  principal  role. 

4.  Modulation  of  exchange  Interactions  between  neighboring  Im- 
piu?lty  atoms.  At  the  donor  concentrations  employed,  the  mechanism  Is 
quite  Ineffective. 

To  explain  the  dependence  of  the  relaxation  processes  on  the  Im- 
p;u?lty  concentration,  mechanisms  were  considered,  based  on  the  follow¬ 
ing  Interactions  between  the  bound  electrons  and  the  conduction  band 
electrons: 

1)  Coulomb  Interactions;  spin  reorientation  Is  possible  If  the 
spln-orblt  coupling  of  the  electron  In  the  donor  state  Is  talcen  Into 
consideration; 

2)  Interaction  between  the  bound  electron  spins  and  the  magnetic 
field  of  the  currents  produced  by  the  conduction  electrons; 

3)  magnetic  dipole -dipole  Interactions; 

4)  exchange  Interactions. 

The  most  effective.  In  accordance  with  the  calculations.  Is  the  last 
mechanism,  since  the  spins  of  the  bound  electrons  are  subject  after 
the  exchange,  when  they  enter  the  conduction  band,  to  the  strong  In¬ 
fluence  of  the  lattice  vibrations.  However,  even  with  this  mechanism 
It  Is  impossible  to  explain  the  experimental  data.  It  Is  possible  that 
a  stronger  spin-lattice  Interaction  mechanism,  which  Is  not  considered 
here,  exists. 

§6.5.  Color  Centers  In  Ionic  Crystals 


It  Is  known  that  crystals  of  halides  of  alkali  metals  become 
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strongly  colored  If  their  stoichiometric  com¬ 
position  Is  disturbed  In  some  manner  and  If 
they  contain  an  excess  of  metal  atoms.  It  was 
established  that  the  reason  for  the  coloring 
Is  the  occurrence  of  color  centers.  There  ex- 

Plg.  6.4.  In  an  al- 

kall-hallde  crystal,  1st  various  methods  for  obtaining  colored 
the  P  center  Is  an 

electron  localized  crystals:  passage  of  x-rays  and  y  rays,  bom- 

near  the  vacancy 

produced  after  a  bardment  with  a  and  p  particles,  neutrons,  or 

negative  Ion  Is  re¬ 
moved  from  the  crys-  protons:  passage  of  current  through  a  crystal 
tal  lattice  site. 

placed  between  metallic  electrodes;  heating 
the  crystal  In  vapors  of  alkali  metals,  etc.  We  note  that  the  color 
centers  are  produced  not  only  In  alkali  halide  salts,  but  In  other  di¬ 
electric  and  semiconductor  crystals.  The  e3q>erlmental  and  theoretical 
study  of  various  types  of  color  centers  has  been  the  object  of  a 
large  ntmiber  of  Investigations  (see,  for  example,  the  reviews  [48]). 

In  moat  cases  the  color  centers  are  also  paramagnetic  centers,  so 
that  their  properties  can  be  Investigated  by  magnetic  means,  particu¬ 
larly  with  the  aid  of  paramagnetic  resonance. 

Prom  among  the  various  types  of  color  centers,  the  best  Investi¬ 
gated  were  the  P  centers,  which  have  a  chuu^acterlstlc  light  absorption 
band.  It  can  be  regarded  as  proved  that  the  P  center  In  an  alkalJ 
halide  crystal  Is  an  electron  localized  near  a  vacancy  produced  after 
a  negative  Ion  has  been  removed  from  the  crystal  lattice  site  (Pig. 
6.4).  Thus,  a  qualitative  analogy  exists  between  the  hydrogen  atom  and 
the  P  center,  since  the  vacancy  of  the  anion  can  be  Identified  with 
the  positive  charge. 

The  first  to  observe  paramagnetic  resonance  on  P  centers  was 
Hutchison  [49],  who  used  for  this  purpose  crystals  of  LIP  bombarded 
for  24  hours  by  a  neutron  flux  of  10^^  partlcles/sec‘cm^.  The  measure- 

i 
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merits  were  made  at  a  frequency  of  9350  megacycles;  one  absorption  peak 
was  observed,  the  position  of  vAilch  corresponded  to  g  =  2.00,  while 
its  width  was  approximately  160  oersteds.  The  effect  was  lost  when  the 
crystal  was  bleached  by  heating  It  to  500°C.  Later,  the  circle  of  In¬ 
vestigated  substances  was  greatly  broadened.  A  summary  of  the  principal 
e35)erlmental  results  Is  given  In  Table  6.2. 

As  can  be  seen  from  the  table,  the  values  of  the  spectroscopic 
splitting  factors  are  very  close  to  the  g  factor  of  the  free  electron, 
thus  evidencing  the  Insignificant  role  of  the  orbital  magnetism.  Ex¬ 
periments  show  that  the  resonance  line  has  a  Gaussian  form  and  that 
Its  width  In  alkali  halide  crystals  Is  Independent  of  the  P  center 
concentration.  Prom  this  we  can  conclude  that  the  dlpole-dlpole  Inter¬ 
actions  of  the  electron  spins  of  the  F  centers  do  not  play  a  major 
role  In  the  absorption  line  broadening.  This  conclusion  Is  reached  by 
simple  calculation  which  shows  that  at  the  experimentally  Investigated 
P  center  concentrations  the  width  should  not  exceed  0.1  oersted.  It  Is 
seen  from  Table  6.2  that  the  experimental  values  for  the  line  widths 
of  the  alkali  halide  crystals  are  2  or  3  orders  of  magnitude  higher. 

Kip,  Klttel,  and  others  [53]  have  suggested  that  the  resonance 
line  broadening  of  the  F  centers  is  due  to  hyperflne  Interactions  be¬ 
tween  the  electron  localized  near  the  vacant  lattice  site  and  the  nu¬ 
clei  of  the  surrounding  atoms.  This  hypothesis  was  Irrevocably  proved. 
Ifeasurement  of  paramagnetic  resonance  In  KCl  crystals  [53],  both  with 
nat\iral  mixture  of  potasslxan  Isotopes  and  strongly  enriched  with  the 
Isotope  have  shown  that  the  widths  of  the  resonance  lines  are 

quite  different  In  the  two  cases,  and  the  ratio  of  these  widths  cor¬ 
responds  precisely  to  the  values  of  the  magnetic  moments  of  the 
and  nuclei. 

Portls  [58]  measvired  by  the  saturation  method  the  longitudinal 
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TABLE  6.2 


2 

5 

1  Bcmccrio 

Kojihiktco  F‘ 
ttCHTpoa  a  1  CM* 

3  Cnocct  oaptounaaMi 

4  (^IKTOP 

lllMpma  4MIIKII 

»  ipcm 

6  JlMTtptTypa 

Lir  , 

10'*— 10” 

7 

riOTOK  HCftTpOHOB,  tipOTOUOB; 

2,008:t0,00l 

77-160 

(40,  54,  55,  60,  79.  108] 

pCHTrCHOBCKHC  ByHH 

NaCl 

5  •  10”  —  10” 

1.087 

162 

[53] 

NaF 

8 

7>ayMH;  saeKipoaHTHiecKiift 

2.0021  ±0,0001 

[55] 

KBr 

10”— 10” 

1.080 

146 

[50,  51,  52,  53] 

KCl 

5.  10”— 5-  10” 

1 

9  PeiiireHOBCKHe  ayw 

1.005±I 

54 

(51,  S2,  53,  50] 

K"Cl 

5. 10” 

>  a 

1.005+1 

36 

(53] 

KI 

— 

— 

1.071+0,001 

200 

(109] 

MgO 

10 

io”— 10” 

IlOTOK  HCftTpOHOB,  RpOrpCBB- 

210028+0,0001 

0,7-0,0 

(56]  • 

HHC  ■  aa|» 

* 

NaNO, 

2;000±0,003 

[57] 

« 

1)  Substance;  2)  nvunber  of  P  centers  per  cubic  centimeter;  3)  method 
of  coloring;  4)  g  factor;  5)  line  width  In  oersted;  6)  literature;  7) 
neutron  or  proton  flux;  x-rays;  8)  y  rays;  electrolytic;  9)  x-rays; 

10 )  neutron  flxix,  heating  In  vapor. 

relaxation  time  for  P  centers  of  a  KCl  crystal  at  room  temperature, 
and  obtained  =  2.5*10”^  sec.  These  experiments  have  shown  that  the 
broadening  Is  uneven  In  character,  as  should  be  the  case  If  It  Is  due 
to  hyperflne  Interactions  (see  §5.8).  We  note  that  questions  concern¬ 
ing  the  natiire  of  spin-lattice  relaxation  of  colored  crystals  or  con¬ 
cerning  the  dependence  of  T^  on  the  temperature,  on  the  static  mag¬ 
netic  field  Intensity,  etc.,  have  as  yet  not  been  Investigated  either 
theoretically  or  experimentally. 

Lord  [55]  succeeded  In  resolving  the  hyperflne  structure  of  the 
F  center  resonance  lines  In  LIP  and  NaP  crystals.  A  large  nxunber  of 
components  was  observed,  due  to  the  Interaction  between  the  spin  of 
the  P  electron  and  the  nuclei  of  the  six  surrounding  alkali  metal  atoms 
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Interactions  with  the  following  layer  of  fluorine  atomic  nuclei  yield 
an  unresolved  structure  and  determine  the  width  of  the  resonance  line. 
The  e:q)erlments  make  It  possible  to  determine  the  hyperflne  Interac- 
tlon  constants  A  and  the  values  of  \f\  on  the  nuclei  of  the  alkali 
metal  and  fluorine  atoms  (see  Formula  (6.27)).  The  corresponding  data 
are  listed  In  Table  6.3*  where  the  constants  and  Ag  are  In  oersteds. 


TABLE  6.3 


1 

Betas* 
1  1 

A|  (tue.ioH* 
iioA  j.t) 

L/tU<AOHHOA\|i 

IA  uenaa  )\  . 

CMT* 

{P) 

UP 

14,1  ±0,1 

1,53. 10« 

4,6-^0,5 

0.21  •  10“ 

Nap 

37,8±0,3 

^05-  10“ 

8.6±0,l 

0,39- 10” 

1)  Substance;  2)  (alkali  metal); 
3)  (alkali  metal)  cm“^;  4)  cm“^. 


Feher  [59]  used  a  double  resonance  technique  (see  §8.2)  to  dis¬ 
close  the  hyperflne  structure  of  the  paramagnetic  resonance  line  in  a 
colored  KCl  crystal.  The  measureitKints  were  carried  out  with  samples 
containing  2*10^'^  centers  per  cubic  centimeter  at  a  temperature  1.2®K; 
the  electron  resonance  absorption  line  was  observed  at  a  frequency 
V  w  9000  megacycles  and  had  a  width  of  approximately  I50  megacycles, 
while  the  frequency  of  the  nuclear  resonance  was  varied  from  10  to  100 
megacycles  and  the  width  of  the  nuclear  resonance  was  approximately 
20,000  cps.  Since  the  nuclear  resonance  line  Is  approximately  7500 
times  narrower  than  the  electron  line.  It  Is  natxiral  for  the  nuclear 
resonance  to  influence  noticeably  the  form  of  the  electron  resonance 
line.  In  spite  of  the  relatively  low  Intensity  of  Its  absorption  lines. 
The  results  obtained  In  this  fashion  can  be  explained  with  the  aid  of 
the  spin  Hamiltonian 

o#  =  a (  /  s )  +  (3  /  5 )  +  Q' I  7 *  -  /(/+  1)1,  (6.31) 
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from  which  It  follows  that  the  resonant  frequencies  due  to  the  nuclear 
transitions  are 

ln  =  ztqs  P.vWi  +  -y  ['I  +  ^  (3cos*  ft  —  1)1  + 

+  <?(3cos’ft-l)(/«-4-).  (6.32) 

Where  Is  the  angle  between  the  field  Hq  and  the  axial  symmetry  axis. 

If  this  formula  Is  used,  then  It  follows  from  the  experimental  data  on 
the  nuclear  resonance  frequencies  that  (a/h)  =  2.16  megacycles,  (b/h)  = 
=  0.95  megacycles,  and  (Q'/h)  =  0.20  megacycles  for  and  (a/li)  = 

=  700  megacycles,  (b/c)  =0.5  megacycles  for  Cl^^.  The  value  of  a  In 
the  case  of  Is  In  good  agreement  with  the  value  obtained  earlier 
from  the  width  of  the  resonance  line  with  unresolved  hyperflne  struc¬ 
ture.  Lord  [60]  applied  Feher's  double  resonance  technique  to  P  cen¬ 
ters  In  LIP  crystals.  He  succeeded  In  making  the  previous  results  con¬ 
cerning  the  hyperflne  Interaction  between  the  P  electron  and  the  nuclei 
of  the  second  coordinate  sphere  more  precise. 

It  Is  clear  from  all  the  foregoing  that  It  would  be  of  vindoubted 
Interest  to  measure  paramagnetic  resonance  In  crystals  containing  only 
atoms  whose  nuclear  spins  are  equal  to  zero.  Wertz  and  his  coworkers 
[56]  came  close  to  solving  this  problem  by  setting  up  paramagnetic 
resonance  experiments  on  P  centers  In  MgO  crystals.  These  crystals,  to 
be  svire,  cannot  be  classified  as  Ionic,  but  we  shall  consider  them  In 
the  present  section,  since  the  properties  of  Interest  to  us  are  Inde¬ 
pendent  of  the  character  of  the  chemical  bond. 

Two  methods  were  used  for  coloring  single  crystals  of  MgO:  bombard¬ 
ment  with  a  flux  of  neutrons  of  Intensity  (1-3) *10^^  particles  per 
square  centimeter  (between  5  stnd  7  neutrons  are  necessary  to  fom  one 
center)  and  heating  In  magnesium  vapor  to  a  temperature  of  1500®C, 
followed  by  rapid  cooling  and  x-raylng. 

oc 

Only  the  odd  Isotope  Mig  the  abundance  of  which  In  natural  mag- 
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neslum  Is  10  or  11^,  has  In  magnesium  oxide  a  nonzero  nuclear  spin. 

Consequently,  53^  of  the  magnesium  Isotope  octahedra  surrounding  the 

vacancy  contain  only  the  Isotopes  Mg  and  Mg  ,  36^  of  the  octahedra 

contain  only  a  single  Mg^^  atom,  and  10^  contain  each  two  Mg^^  atoms. 

One  can  ejqject  the  paramagnetic  resonance  spectrmn  to  consist  of  a 

narrow  bright  central  line,  a  broad  weak  line  containing  six  hyperflne 

components  (I  (Mg^^)  =  5/2),  and  a  family  of  11  even  weaker  lines.  The 

central  line  actually  tiirns  out  to  be  very  narrow,  approximately  0.7 

oersted  wide;  Its  position  corresponds  to  the  £  factor,  which  coincides 

accurate  to  0.0001  with  the  value  for  the  free  electron.  The  hyperflne 

structure  has  a  rather  complicated  character,  owing  to  the  anisotropy 

of  the  electron-nuclear  coupling  constant. 

Ptom  the  value  of  the  Isotropic  part  of  the  hsrperflne  struct\ire 

we  can  conclude  with  the  aid  of  (6.2)  that  lV'(Mg)l^  =  0.276’10^^  cm"^, 

2+\  2 

Whereas  In  the  free  doubly  charged  magnesium  Ion  |V'(Mg  )|  =  17*1  x 

pii 

X  10  cm  It  Is  Interesting  to  compare  these  values  with  the  cor¬ 
responding  values  for  potassium  In  the  KOI  crystal:  for  the  P  center 

we  have  1t^'(K)1^  =  0.70*10^^,  and  for  the  free  potasslvun  Ion  lV'(K^)l^  = 
oil 

=  7.5*10  cm  Prom  these  data  we  see  that  the  electron  Is  localized 
In  the  MgO  crystal  Inside  the  vacancy  to  a  considerable  greater  degree 
than  In  KOI,  and  this  apparently  Is  explained  by  the  relatively  larger 
Madelung  energy  In  divalent  crystals. 

Paramagnetic  resonance  on  P  centers  can  be  used  for  certain  prac¬ 
tical  pxirposes.  By  measxirlng  the  relative  Intensity  of  the  paramagnetic 
absorption  lines  It  becomes  possible  to  determine  the  number  of  F  cen¬ 
ters  with  an  accuracy  which  Is  1  or  2  orders  of  magnitude  higher  than 
the  accuracy  of  all  other  methods.  Oordy  [6l]  points  out  that  paramag¬ 
netic  resonance  absorption  on  P  centers  can  be  vised  to  construct  a 
meter  to  measure  the  Intensity  of  neutron  and  x-ray  fluxes. 
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Let  us  proceed  to  consider  the  theory  of  paramagnetic  resonance 
on  F  centers.  As  Is  well  loiown,  in  the  general  theory  of  P  centers, 
two  models  are  used,  the  continual  [62]  and  the  orbital  [63].  It  Is 
shown  In  [39,  64]  that  even  elementary  calculations  based  on  the  or¬ 
bital  model  yield  the  correct  order  of  magnitude  of  the  displacement 
of  the  £  factor  and  the  width  of  the  resonance  line.  According  to  the 
orbital  model,  the  P  center  electron  Is  a  valence  electron,  bound  In 
succession  to  each  of  the  six  atoms  In  the  nearest  surrounding  of  the 
vacancy.  In  other  words,  the  wave  function  of  the  P  electron  Is  In 
first  approximation  a  linear  combination  of  the  s  functions  pertaining 
to  the  metal  atoms  sltiiated  around  the  vacancy: 


6 


(6.33) 


It  Is  assiuned  here  that  the  i/  functions  of  the  different  atoms  do  not 
overlap  one  another.  Since  a  negative  vacancy  Is  equivalent  to  a  pos¬ 
itive  charge.  It  Is  necessary  to  tal'o  Into  consideration  the  polarisa¬ 
tion  of  the  metal  atoms  xmder  the  Influence  of  the  given  charge.  Cal¬ 
culation  by  a  perturbation  method  shows  that  a  £  function  is  added  to 
the  s  fiinctlon  of  the  valence  electron,  so  that  for  one  of  the  atoms 
we  have 


K2  % 


4 


(6.34) 


where  e  Is  a  numerical  factor  smaller  than  unity  and  C  Is  a  normaliza¬ 
tion  factor.  The  wave  functions  of  the  other  atoms  are  constructed  In 
analogous  fashion.  Calculations  with  the  aid  of  hydrogen  functions 
yield  e  =  0.9.  In  the  next  approximation  It  Is  necessary  to  take  Into 
account  the  spln-orblt  coupling  XLS,  as  a  result  of  which  the  it  fiinc- 
tlon  assumes  the  form 
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(6.35) 


'I'l 


Here  A  is  the  Interval  betvreen  the  _s  and  £  levels.  Calculation  with 
the  aid  of  this  function  yields  the  following  expression  for  the  dis¬ 
placement  of  the  £  factor  [64]: 


V=- 


4  X 


(6.36) 


3  4  I+,«- 

If  we  use  the  known  value  for  potassium  A  =  13,200  cm“^  and  X  =  38  cm“^, 
we  obtain  Ag  =  -1.7*10"^,  which  coincides  in  order  of  magnitude  with 
the  experimental  value  Ag  =  — O.OO7  +  0.001. 

To  calculate  the  resonance  line  broadening  due  to  the  hyperflne 
Interactions  of  the  P  electron  with  the  nuclei  of  the  atoms  surround¬ 
ing  the  vacajicy  [53],  we  employ  the  Hamiltonian 

(6.37) 


where 


Here  Is  the  magnetic  moment  of  the  nucleus  of  the  _l-th  atom,  Is 
the  spin  of  the  given  nucleus,  and  V'(l)  Is  the  value  of  the  normalized 
wave  function  of  the  electron  at  the  location  of  the  1-th  nucleus. 

With  the  aid  of  the  Hamiltonian  (6.37)  we  can  readily  calculate  the 
second  moment  of  the  paramagnetic  resonance  absorption  line;  Its  value 
Is 


< 

It  can  be  shown  that  the  absorption  line  has  a  nearly  Gaussian 
shape,  and  consequently,  the  line  width  Is  Av  =  2.36Jk^.  The  hyper¬ 
flne  structure  will  be  anisotropic,  owing  to  the  presence  of  the  y 

P 

functions  In  Expression  (6.35).  If  we  take  Into  account  only  the  prin¬ 
cipal  Isotropic  part  of  the  hyperflne  structure,  then  we  readily  ob- 
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(6.40) 


tain  from  (6.35),  (6.38),  and  (6.39) 


A. 


VTi  1  +  .* 

Here  A  Is  the  constant  of  the  hyperflne  interaction  between  the  elec¬ 
tron  and  the  metal  nucleus  closest  to  the  vacancy,  and  I  Is  the  spin 
of  this  nucleus.  For  potassium  I  =  3/2,  A  =  0.0077  cra"^,  and  the  line 
width  Is  therefore  50  oersted,  which  Is  In  splendid  agreement  with  the 
e:q)erlmental  value  (54  +  2)  oersted. 

The  authors  of  [53]  have  also  estimated  the  width  by  using  the 
continual  model.  According  to  this  model,  the  P  center  Is  made  up  of 
an  electron  moving  In  a  spherically  symmetrical  potential  field,  the 
center  of  which  coincides  with  the  vacancy,  and  the  wave  function  of 
the  electron  covers  a  large  number  of  atoms.  The  calculated  resonance 
line  width  t;jrned  out  to  be  several  orders  of  magnitude  lower  than  the 
experimental  value.  It  was  therefore  concluded  that  the  continual 
model  is  Incompatible.  The  correctness  of  this  conclusion  was  disputed 
by  several  workers  [65,  66,  67].  Deygen  [67]  called  attention  to  the 
following  Important  circumstance.  Kip,  Klttel,  et  al.  use  In  their 
calculations  Formula  (6.38),  in  which  the  value  of  the  wave  function 
taken  for  tJ'(I)  Is  the  one  given  by  the  continual  model  at  the  point 
where  the  nucleus  1  Is  situated.  Yet  the  formula  (6.38),  which  Is  due 
to  Fermi  [68],  holds  true  only  when  the  symmetry  center  of  the  wave 
function  coincides  with  the  nucleus,  something  that  precisely  does  not 
occur  In  the  P  center,  since  the  nuclei  of  the  Ions  are  shifted  rela¬ 
tive  to  the  symmetry  center  of  the  wave  function  by  an  amount  equal  to 
the  lattice  constant.  The  question  of  the  hyperflne  Interaction  between 
the  electron  and  a  nucleus  shifted  relative  to  the  symmetry  center  of 
the  wave  function  calls  for  a  special  analysis.  Deygen  offers  a  solu¬ 
tion  of  this  problem,  using  for  the  wave  function  of  the  P  center  the 
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following  e3q)resslon  [69]: 


• 

f  9(r)=«^(l  +  ar)tf  (6.4l) 

Assvunlng  that  the  length  (l/a)  does  not  far  exceed  the  lattice  con¬ 
stant,  and  therefore  confining  himself  to  a  consideration  of  the  hyper- 
fine  Interaction  with  the  nuclei  of  the  first  coordination  sphere,  he 
obtained  for  the  resonance  line  width  In  KCl  a  value  on  the  order  of 
1-2  oersted.  With  an  aim  toward  Improving  this  result,  Deygen  replaced 
the  "smoothed"  function  (6.4l)  by  a  so-called  detailed  wave  function 
In  the  form 

J[_ 

,  (6.42) 

Here  Is  the  volume  of  the  principal  region  In  the  crystal  and  u  Is 
the  normalized  Bloch  wave  function  of  the  electron  at  the  bottom  of 
the  conduction  band,  which,  as  is  well  known,  represents  In  the  strong- 
coupling  approximation  a  linear  combination  of  the  atomic  wave  fimc- 
tlons.  The  line  width  calculated  with  the  aid  of  the  detailed  function 
turned  out  to  be  equal  to  15  oersted,  which  Is  already  quite  close  to 
the  experimental  value. 

In  order  to  ascertain  whether  the  line  width  is  affected  by  an 
account  of  relativistic  corrections,  the  usual  Pauli  equation  for  the 
motion  of  the  electron  was  replaced  In  the  calculation  of  the  hyper- 
fine  structvire  by  the  Darwin  relativistic  approximation  [70];  the  cor¬ 
rections  txu'ned  out  to  be  negligible.  Zevln  [71]  developed  the  theory 
proposed  by  Deygen  and  obtained  a  general  expression  for  the  spin  Ham¬ 
iltonian,  describing  the  Interaction  between  the  P  center  electron  and 
the  nuclei  of  the  atoms  svirroundlng  the  vacancy.  Shul'man  [72],  using 
the  given  spin  Hamiltonian,  calculated  the  broadening  brought  about  by 
f  '  the  second  coordination  sphere,  consisting  of  the  halide  atoms.  For 
the  KCl  crystal,  the  contribution  made  by  the  chlorine  atoms  to  the 
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width  amounts  to  19^. 

Gourary  and  Adrian  [73]  used  a  wave  function  obtained  by  a  slmpll 
fled  Hartree  method  to  calculate  the  hyperflne  structure  of  paramag¬ 
netic  resonance  on  P  centers.  The  lattice  Ions  were  regarded  here  as 
being  point  charges.  The  distortions  of  the  lattice  near  the  vacancy 
were  also  taken  Into  account.  The  theoretically  obtained  hyperflne 
splittings  are  In  good  agreement  with  the  experimental  results  for  LIP 

The  method  of  Grourary  and  Adrian  was  applied  to  calculations  of 
the  Isotropic  and  anisotropic  structures  of  the  KCl  spectriun  [7^];  the 
theoretical  results  are  In  good  agreement  with  the  e^qjerlmental  data 
of  Peher  [59]*  Adrian  [75]  pointed  out  the  possibility  of  establishing 
a  simple  connection  between  the  displacement  of  the  £  factor  and  the 
anisotropic  hyperflne  struct^are,  since  both  these  quantities  are  de¬ 
termined  by  the  average  value  of  l/r^.  Thus,  for  KCl,  starting  from 
the  experimental  value  of  the  hsrperflne  structtire  anisotropy,  theory 
yields  Zg  =  -0.0053  while  experiment  gives  Ag  =  -O.OO7.  A  good  agree¬ 
ment  with  the  esqjerlmental  results  of  Peher  was  also  obtained  by  Blirai- 
berg  and  Das  [76],  who  used  In  their  calculations  of  the  hyperflne 
structvire  the  £  factor  displacement  and  the  wave  function  obtained  un¬ 
der  the  following  assumption:  the  vacancy  Is  replaced  by  a  potential 
well  and  the  lattice  by  a  system  of  corresponding  point  chargee. 

In  developing  the  theory  of  paramagnetic  resonance  on  P  centers, 
we  used  the  de  Boer  model  [62],  according  to  which  the  P  center  Is  an 
electron  localized  near  a  vacant  lattice  site.  It  is  universally  ac¬ 
cepted  that  centers  of  this  type  are  formed  In  alkali  halide  crystals. 
In  silver  halide  crystals  one  might  think  that  the  F  centers  would  be 
of  the  Hllsch  and  Pohl  type  [62],  l.e.,  they  would  comprise  metal 
atoms  that  have  penetrated  the  interstices  of  the  crystal  lattice. 
Ollnchuk  and  Deygen  [77]  calculated  the  hyperflne  structwe  of  the  en- 
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ergy  levels  of  an  P  center  of  this  type,  using  the  NaCl  crystal  as  an 
example.  Using  the  wave  functions  of  both  the  continual  and  the  or¬ 
bital  models,  they  obtained  spin  Hamiltonians  with  which  they  calcu¬ 
lated  the  paramagnetic  resonance  spectrum,  the  line  shapes,  and  the 
line  widths.  It  turned  out  that  the  results  differ  qualitatively  from 
those  previously  obtained  for  the  de  Boer  model.  Thus,  a  study  of  para¬ 
magnetic  resonance  vincovers  a  possibility  of  choosing  between  two  ex¬ 
isting  P  center  models,  something  particularly  valuable  Inasmuch  as  so 
far  no  other  effective  methods  have  been  proposed  for  solving  this 
problem. 

Lord  et  al.  [78]  have  found  Indirect  proof  for  the  existence  of 
paramagnetic  resonance  absorption  on  an  M  center  (a  combination  of  an 
P  center  and  a  pair  of  vacant  sites).  It  was  established  that  the  sec¬ 
ond  moment  of  the  resonance  line  Increases  appreciably  whenever  a  LIP 
C3?ystal  Is  exposed  to  x-rays  so  as  to  be  able  to  observe  In  It,  by  op¬ 
tical  means,  an  Increase  In  the  number  of  M  centers  compared  with  the 
number  of  P  centers. 

Paramagnetic  resonance  was  Investigated  In  greater  detail  on  V 
centers  [79,  84].  In  the  studied  alkali  halide  crystals,  these  centers 
were  produced  by  means  of  x-rays  at  liquid  nitrogen  temperatures.  Cast- 
ner,  KSnzlg,  and  Woodruff  [82,  83],  who  have  made  the  most  complete 
study  of  this  problem.  Interpret  their  experimental  results  with  the 
aid  of  the  following  V  center  model:  1)  the  x-radlatlon  causes  an  elec¬ 
tron  to  break  away  from  the  halide  Ion,  and  the  resultant  electron 
hole  Is  distributed  among  two  neighboring  Ions  oriented  along  the  [110] 
axis  of  the  crystal;  2)  the  molecular  Ion  produced  In  this  fashion 
(where  x  stands  for  the  halogen)  Is  connected  with  neither  the  vacancy 
formation  nor  with  the  distortions  of  the  crystal  lattice. 

Paramagnetic  resonance  was  Investigated  In  crystals  of  LIP,  KCl, 
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KBr,  and  NaCl.  The  resonance  lines  had  a  hyperflne  structure  due  to 
the  Interaction  between  the  electron  hole  and  the  nuclei  of  both  atoms, 
fomilng  the  X"^  molecule.  The  number  and  intensity  of  the  hyperflne 
components  in  the  LIP  crystal  agrees  with  a  value  I  =  1/2  for  the  nu¬ 
clear  spin  of  fluorine,  if  one  takes  into  account  the  selection  rules 
for  the  singlet  and  triplet  nuclear  spin  states;  In  precisely  the  same 
manner,  the  spectra  of  the  remaining  investigated  crystals  consisted 
of  seven  approximately  equidistant  components  with  Intensity  ratio 
1:2:3s4j3:2:1,  which  corresponds  to  a  nuclear  spin  I  =  3/2  for  the  Cl 
or  Br  atoms.  To  Interpret  the  paramagnetic  resonance  spectrtun,  start¬ 
ing  with  the  molecular  Ion  model,  one  can  obtain  a  spin  Hamiltonian 
of  the  type  (6.31)  by  taking  the  [110]  crystal  axis  to  be  the  Z  axis. 
The  principal  values  of  the  g-tensor  components  are  listed  In  Table 
6.4,  which  shows  also  the  absorption  line  widths. 

TABLE  6.4 


Beuiecrio 

1 

tx 

h 

h^^ouihSks 

UJHpHiia, 

LiF 

2,0227 

2,0>.!4 

2,00.81 

±  0,0010 

I2,.8±0,.8 

KCl 

2,0428 

2,0447 

2,oOIO 

±0,0001 

I, .14  ±0,03 

NaCl 

2,0-189 

2,0425 

2,(X)10 

±  0,0001 

■1,5. 1 0,1 

KBr 

2,179 

2,175 

1,980 

±0,0001 

'.0,1 

l)  Substance;  2)  maximum  error; 

3)  width,  oersted. 

The  main  reason  for  the  broadening  of  the  resonance  line  are  the 
hyperflne  Interactions  between  the  electron  hole  and  the  nuclei  sur- 
rovindlng  the  V  center.  The  line  shape  Is  nearly  Gaussian. 

For  Clg,  calculations  of  the  ^  factor  were  made  by  the  molecular 
orbital  method  [85],  and  yielded  values  close  to  the  e:q)erlmental  ones. 

K2tnzlg  and  Woodruff  [86]  observed  paramagnetic  resonauice  in  the 
KCl  crystal  on  H  centers,  which  have  a  spectrum  similar  to  that  of  V 
centers,  but  of  more  complicated  nature.  The  latter  Is  due  to  the  fact 
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that  In  the  case  of  the  H  centers  the  electron  hole  is  shared  by  four 
chlorine  ions  arranged  on  a  single  line. 

Kawamura  and  Ishiwatari  [87]  observed  parsunagnetic  resonance  on 
centers  in  KCl  crystals.  The  Z-j^  centers  are  produced  in  alkali 
halide  crystals  in  which  divalent  metals  have  been  Introduced.  A  pos¬ 
sible  model  of  the  Z^  center  is  that  of  a  singly  ionized  divalent 
metal  atom,  which  occupies  the  place  of  the  alkali  metal  ion.  The  ex¬ 
periments  Involved  crystals  doped  with  Ca  and  Sr  atoms  in  amounts  of 
approximately  10^*^  cm“^.  Since  the  spins  of  the  calcivim  and  strontium 
nuclei  are  equal  to  zero,  there  is  a  deep  analogy  between  paramagnetic 
resonance  on  Z^  and  on  P  centers.  The  essential  difference  lies  in  the 
fact  that  the  broadening  of  the  Z^-center  resonance  line  occurs  pri¬ 
marily  as  a  result  of  hyperflne  interactions  with  the  nuclei  of  the 
anions,  whereas  in  F  centers  the  principal  role  is  assumed  by  the  nu¬ 
clear  spins  of  the  cations.  Measurements  have  shown  that  the  absorp¬ 
tion  line  has  a  Gaussian  form,  a  width  AH  =  79  oersted,  with  g  =  1.999. 
§6.6.  Irradiated  Crystals  with  Covalent  Bond 

Paramagnetic  resonance  can  serve  as  an  effective  method  for  in¬ 
vestigating  imperfections  in  crystals.  This  possibility  is  connected, 
first  of  all,  with  the  fact  that  the  occurrence  of  many  types  of  im¬ 
perfections  in  diamagnetic  crystals  is  accompanied  by  formation  of 
paramagnetic  centers.  Second,  in  paramagnetic  crystals.  Imperfections 
of  the  dislocation  type  change  the  Intercrystalline  field  and  cause 
shifts  in  the  paramagnetic  resonance  lines  and  a  change  in  the  spin- 
lattice  interaction.  In  the  last  two  sections  we  have  considered  para¬ 
magnetic  resonance  due  to  lattice  defects  of  the  Inclusion,  electron, 
or  hole  type.  In  the  present  section  we  discuss  also  a  few  examples 
and  primarily  the  effect  in  neutron-bombarded  diamond. 

Griffiths,  Owen,  and  Ward  [88]  carried  out  measurements  at  fre- 


quencles  v  «  9000  and  25>000  megacycles  In  the  temperature  Interval 
20-280°K.  The  existence  of  two  types  of  resonance  lines  was  estab¬ 
lished: 

a)  Isotropic  line  with  a  spectroscopic  splitting  factor  g  = 

=  2.0028  +  0.0006.  The  Intensity  and  width  of  the  line  Increase  with 
Increasing  d\iratlon  of  Irradiation.  Heating  to  1000°C  causes  the  ef¬ 
fect  to  disappear.  An  analogous  change  occurs  In  the  coloring  of  the 
crystal.  After  prolonged  neutron  bombardment,  the  line  width  reaches 
100  oersted  at  a  temperature  of  290°K;  the  width  of  the  line  Is  reduced 
to  one  half  when  the  temperature  Is  decreased  to  90°K. 

b)  Family  of  12  weak  anisotropic  lines,  symmetrically  situated 
relative  to  the  central  peak.  The  width  of  each  of  these  lines  Is  In¬ 
dependent  of  the  temperature  and  Is  approximately  equal  to  5  oersted. 

In  this  case  the  effect  does  not  decrease  upon  heating  to  1000°C.  The 
paramagnetic  absorption  spectrum  can  be  described  with  the  aid  of  a 

A  ^  A  AO 

spin  Hamiltonian  H  =  3gHQS  +  DS“  If  one  admits  the  existence  of  para¬ 
magnetic  centers  with  spin  S  =  1.  It  Is  necessary  to  assume  here  that 
the  axis  of  the  crystalline  field  Is  parallel  to  one  of  the  edges  of 
the  tetrahedron  made  up  of  the  carbon  atoms.  Thus,  there  exist  six  dif¬ 
ferent  orientations  of  petreimagnetlc  centers,  each  of  which  has  two  ab¬ 
sorption  lines  corresponding  to  the  transitions  -1  -►  0  and  0  -►  1.  The 
spin  Hamiltonian  constants  have  the  following  values:  D  =  0.010  cm"^, 
average  value  of  the  £  factor  g  =  2.0027  +  O.OOO5  and  S^/e^  =  1.00035  + 

+  0.00005. 

The  central  Isotropic  line  has  apparently  the  following  natxu'e 
[89].  Let  us  consider  an  Isolated  vacancy,  formed  In  the  crystal  lat¬ 
tice  after  the  removal  of  one  of  the  carbon  atoms.  Since  diamond  Is 
not  an  ionic  crystal,  there  are  no  grounds  for  expecting  the  vacancy 
to  attract  an  electron  or  to  contribute  to  Its  removal:  it  is  more 
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likely  that  the  vacancy  Is  to  he  regarded  as  an  electrically  neutral 
stable  formation.  The  vacancy  Is  surrounded  by  four  carbon  atoms.  In 
each  of  which  one  of  the  two  covalent  bonds  Is  saturated  and  therefore 
each  has  an  unpaired  electron.  It  can  be  shown  that  one  can  apply  to 
this  four-electron  system  Hund's  rule,  according  to  which  all  electron 
spins  are  parallel  to  one  another  In  the  gro\ind  state,  and  consequently 
the  spin  of  the  entire  system  Is  S  =  2.  In  this  state,  the  orbital 
wave  function  Is  nondegenerate  and  consequently  the  paramagnetism  will 
In  first  approximation  be  of  pure  spin  nature. 

The  spin  orbit  coupling  In  the  free  carbon  atom  Is  very  weak. 
Piirthermore,  owing  to  the  high  symmetry  of  the  crystalline  field,  the 
spin  level  splitting  due  to  the  spln-orblt  Interaction  becomes  dif¬ 
ferent  from  zero  only  In  the  fourth  pertiirbatlon  theory  approximation. 

We  can  therefore  conclude  that  this  splitting  should  be  negligibly 

-S  -1 

small.  An  estimate  shows  that  Its  order  Is  10  cm  .  For  the  same 
reason,  the  deviation  of  the  £  factor  from  Its  value  for  the  free  elec¬ 
tron  should  also  be  very  small. 

It  Is  more  difficult  to  present  a  theoretical  Interpretation  of 
all  the  peculiarities  of  the  anisotropic  paramagnetic  resonance  spec¬ 
trum.  It  Is  evidently  connected  with  the  carbon  atoms  which  are  situ¬ 
ated  In  the  Interstices  of  the  crystal  lattice. 

Let  us  proceed  to  an  examination  of  paramagnetic  resonance  on 
color  centers  produced  In  quartz  after  exposure  to  x-rays;  these  cen¬ 
ters  disappear  upon  heating  to  350°C.  Griffiths,  Owen,  and  Ward  [88] 
first  observed  this  effect  In  quartz  and  established  that  the  peu^eunag- 
netlc  absorption  Is  proportional  to  the  optical  absorption.  Measure¬ 
ments  of  the  paramagnetic  resonance  spectriun  were  made  at  temperat\ires 
of  90  and  20°K;  at  higher  temperatures,  the  lines  broadened  strongly. 
The  existence  of  six  types  of  paraunagnetlc  centers  was  established, 
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with  different  magnetic-axis  orientations.  A  complicated  hyperflne 

structure  of  the  lines  was  also  observed,  and  could  be  resolved  at 

20°K.  The  spectrum  can  be  described  with  the  aid  of  a  spin  Hamiltonian 

with  the  following  constants:  S  =  1/2,  I  =  5/2,  g„  =  2.06  +  0.005, 

gj^  =  2.00  +  0.005,  A  =  4.8«10"'‘^  cm"^,  B  =  5.6*10"^  cm"^,  and  P  =  -0.4  x 
-4  -1 

X  10  cm  .  The  symmetry  axes  of  £  tensors  of  paramagnetic  centers  of 
different  types  are  approximately  parallel  to  the  lines  Joining  the 
pairs  of  silicon  atoms  within  the  crystal  cell.  The  principal  axes  of 
the  £  tensor  and  of  the  hyperflne  structirce  tensor  do  not  coincide. 

The  symmetry  axes  of  the  hyperflne  structure  tensor  are  parallel  to 
the  Sl-0  bonds. 


Pig.  6.5*  Electronic  structure 
of  paramagnetism  carriers  In 
Irradiated  quartz. 

The  following  Interpretation  can  be  offered  for  all  these  experi¬ 
mental  facts  [82].  The  various  Impurities  contained  In  the  quartz  In¬ 
clude  also  aliunlnum,  the  atoms  of  which  replace  a  small  part  of  the 
silicon  atoms.  Before  the  quartz  Is  Irradiated,  the  aluminum  atoms  are 
Al“  Ions,  which  have  the  same  nvunber  of  electrons  as  the  silicon  atoms. 
Consequently,  the  crystal  Is  not  colored  and  there  are  no  paramagnetic 
centers.  The  negative  charge  of  the  Al"  Ions  Is  neutralized  by  the 
positive  Ions  H'*’,  Ll"^,  and  Na"^,  Which  are  located  In  the  Interstices 
of  the  crystal  lattice.  Irradiation  with  x-rays  causes  the  atoms  to  be 
Ionized  and  uncompensated  electron  spins  appear.  Calculations  made  by 
the  electronic  orbital  method  show  [90]  that  the  electron  structure  of 
the  pau’amagnetlsm  carriers  has  essentially  the  form  shown  In  Fig.  6.5a. 
The  nonzero  spin  belongs  to  the  positive  oxygen  Ion.  Partially  mixed 


In  with  this  structvire  Is  another  one  (Pig.  6.5b),  containing  neutral 
oxygen  and  alumlnvun  atoms,  and  consequently,  a  hyperflne  structure  of 
the  paramagnetic  resonance  lines  Is  produced. 

Paramagnetic  resonance  In  single  crystals  of  quartz  was  observed 
also  by  Irradiation  with  fast  neutrons  [91,  92,  85a].  The  observations 
were  made  at  room  temperature.  The  effect  Is  apparently  not  connected 
with  Impurities  and  has  an  entirely  different  nature,  as  evidenced 
even  by  the  absence  of  a  hsrperflne  structure  for  the  absorption  lines. 
It  Is  probable  that  the  resonant  absorption,  as  in  the  case  of  diamond, 
Is  due  to  broken  bonds  which  result  from  the  occurrence  of  the  vacan¬ 
cies  In  the  basic  SIO^^  tetrahedron.  An  analogous  effect  was  observed 
at  4.2°K  In  silicon  bombarded  by  neutrons  [93  ]•  In  explaining  the  ef¬ 
fect  In  Irradiated  quartz  crystals  It  must  be  borne  In  mind  that  a 
similar  paramagnetic  resonance  spectrum  occurs  in  silicate  glasses 
[92,  94]. 

Paramagnetic  resonance  was  observed  at  temperatures  4-225°K  in  y- 
Irradlated  Ice  [95»  96].  The  hyperflne  structure  of  the  line  is  con¬ 
nected  with  the  protons  In  ordinary  Ice  and  the  deuterons  in  DgO.  The 
natiire  of  the  paramagnetism  carriers  cannot  be  regarded  as  fully  ex¬ 
plained  as  yet. 

§6.7.  Metal-Aromonla  Solutions.  Paramagnetic  Resonance  on  Polarons  and 
Pixcltons' 

Alkali  and  alkali-earth  metals  are  readily  dissolved  In  ammonia. 
The  solubility  of  sodlvun  and  potassium  at  the  boiling  temperature  of 
ammonia  (-33«35°C)  Is  approximately  5.4  and  4.9  mole  per  liter,  re¬ 
spectively;  the  solubility  changes  little  with  temperature.  A  distin¬ 
guishing  property  of  these  solutions  Is  their  high  electric  conductiv¬ 
ity,  which  approaches  that  of  metals  In  order  of  magnitude.  Measure¬ 
ments  of  the  dependence  of  the  static  magnetic  susceptibility  on  the 
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concentration  of  the  solution  have  shovm  that  at  large  concentrations 
the  addition  of  metal  Is  not  accompanied  by  an  Increase  In  the  sus¬ 
ceptibility. 

The  first  measurements  of  paramagnetic  resonance  In  metal-ammonia 
solutions  were  made  In  the  microwave  band  [97,  98,  99].  One  exceed¬ 
ingly  narrow  absorption  line,  with  a  width  not  larger  than  0.2  oersted, 
was  established.  Later  e35)erlments  were  made  usually  at  lower  frequen¬ 
cies  [100,  101,  9],  which  called  for  the  application  of  a  static  mag¬ 
netic  field  with  intensity  of  only  a  few  oersteds;  It  was  necessary 
besides  to  take  account  of  the  earth’s  field.  The  measurements  were 
carried  out  at  temperatur*es  from  — 80  to  20°C.  For  potassium  solutions, 
the  spectroscopic  splitting  factor  is  g  =  2.0012  +  0.0002.  For  other 
metals  It  deviates  by  less  than  O.OO5.  We  see  that  the  ^  factor  Is 
close  to  (but  noticeably  smaller  than)  the  ^  factor  of  the  free  elec¬ 
tron.  Table  6.5  lists  data  for  the  resonance  line  widths,  showing  that 
the  width  decreases  with  Increasing  temperature  and  increases  with  In¬ 
creasing  concentration.  In  addition  to  metal-ammonia  solutions,  solu¬ 
tions  of  lithium  In  methylamine  [99,  9]  and  In  ethylene diamine  [99] 
were  Investigated.  Galkin  et  al.  [102]  observed  paramagnetic  resonance 
In  solutions  of  NaCl  In  ammonia  after  passing  current  through  the  solu¬ 
tion.  Apparently  the  current  causes  decomposition  of  the  NaCl  and  thus 
results  In  an  ordinary  solution  of  Na. 

Blxune  [103]  measured  the  times  of  longitudinal  and  transverse  re¬ 
laxation  (Tj^  and  Tg)  at  17.4  megacycles  by  means  of  pulse  techniques. 
The  time  Tg  was  determined  by  measuring  the  time  of  fall-off  of  the 
free  induction  signal,  which  was  followed  at  90°  by  a  pulse  (see  §8.4). 
It  ranges  from  3*2  to  0.7  microseconds  when  the  sodium  concentration 
In  NH^  increases  from  0.03  to  O.75  mole/liter.  The  time  T^^  was  meas¬ 
ured  in  solutions  having  concentrations  from  0.24  to  0.5  mole/liter. 
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TABLE  6.5 


1  Bentceno 

2 

UJlipH. 

M«a 

$pcm 

|3 

Tcunc^Ty- 

UCHTpt* 

UHS. 

h 

JlNTCpt* 

Typa 

LI— NH, 

0.1 

—72 

0,2 

10] 

Na-NH, 

0,13 

—75 

0,1 

(o] 

K-NH, 

0.1 

—70 

0,08 

lo] 

K-NH, 

0,05 

—  33,45 

0,08 

(1001 

K— NH, 

0,027 

20 

0,08 

100] 

K-NH, 

0,08 

20 

0,43 

[100] 

Rb-NH, 

0,16 

—70 

0,1 

[0] 

Cs— NH, 

0.4 

—70 

0,5 

9 

Ca— NH, 

0,14 

-70 

0,05 

m 

LI-CH,NH, 

0,6 

—70 

0,1 

[9] 

Li-NH,CH,NH, 

0.6 

20 

0,1 

1)  Substance;  2)  width,  oer¬ 
sted;  3)  tempera tvire,  OC;  4) 
concentration,  mole/liter;  5) 
literature. 

It  was  found  that  =  Tg  accurate  to  within  lOJ^. 

Kaplan  and  Klttel  [104]  eaqjlalned  the  experimental  fact  by  means 
of  the  Ogg  model  [105],  which  Is  based  on  the  following  assumptions: 

1)  the  alkali  metal  atoms  dissociate  when  dissolved;  2)  the  electrons 
separated  from  the  metal  atoms  are  localized  In  the  cavities  formed  In 
the  liquid,  which  have  volumes  equal  to  that  of  frcan  2  to  4  molecules 
of  NH^;  3)  the  wave  function  of  the  electron  connected  with  the  cavity 
Is  a  linear  combination  of  hydrogen  fvmctlons  pertaining  to  the  pro¬ 
tons  of  the  NHg  molecules  located  aroxind  the  cavity;  4)  the  conduction 
band  lies  one  electron  volt  below  the  energy  level  of  the  bovind  state 
of  the  electron;  5)  some  cavities  contain  one  electron  each  (e  centers) 
and  some  contain  two  electrons  (eg  centers);  the  distribution  of  the 
electrons  among  the  e  and  eg  centers  Is  determined  by  the  equilibrium 
conditions  with  respect  to  the  reaction  e  +  e  ^eg  +  0.2  ev. 

Between  the  e  centers  auid  P  centers  considered  In  §6.5  there  Is  a 
great  similarity.  Kaplan  and  Klttel  therefore  assume  that  the  absorp¬ 
tion  line  broadening  has  In  both  cases  the  same  nature,  namely  the  hy- 
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perflne  Interaction  between  the  localized  electron  and  the  spins  of 
the  surrovindlng  nuclei.  An  estimate  of  the  width,  made  as  In  the  case 
of  §6.5  toy  the  method  of  molecvilar  orbitals,  yields  AVq  »  7gPA*  How¬ 
ever,  there  exists  an  essential  difference,  which  we  did  not  take  Into 
consideration,  between  the  e  and  P  centers.  The  large  mobility  of  the 
liquid  Is  capable  of  appreciably  decreasing  the  width  of  the  resonance 
line.  The  correlation  time  (see  §5*6)  can  be  estimated  with  the  aid  of 
the  Debye  e:q)resslon  for  the  rotational  dipole  relaxation: 


3iy 


(6.43) 


where  V  Is  the  volimie  of  the  molecule.  Hence  »  10 


-11 


sec.  We  see 

that  the  correlation  time  Is  much  smaller  than  the  transverse  relaxa¬ 
tion  time  ^1/AVq  and  therefore  the  motion  of  the  molecules  should  nar¬ 
row  down  the  resonance  line  appreciably.  The  width  obtained  as  a  re- 
suit  can  be  estimated  by  the  formula  Av  ~  (Av)  t.,  from  which  It  fol- 
lows  In  our*  case  that  »  0.01  oersted.  So  good  an  agreement  with  the 
e^erlmental  data  Is  accidental,  bearing  In  mind  the  crudeness  of  the 
theoretical  estimate. 

At  large  solution  concentrations  one  can  expect  the  dlpole-dlpole 
Interactions  between  different  localized  electrons  to  start  playing  a 
role.  The  Influence  of  dlpole-dlpole  Interactions  on  the  resonance 
width  can  be  estimated  by  means  of  Formula  (5.14).  Numerical  calcula¬ 
tion  shows  that  this  broadening  mechanism  can  become  significant  at 
concentrations  exceeding  0.1  mole/llter. 

We  know  that  If  «  1/AVq,  we  have  Tg  =  T^,  which,  as  we  have 
seen,  has  been  confirmed  by  direct  measurements.  We  note  that  both 
mechanisms  which  we  have  considered  for  the  broadening  lead  to  a  pro¬ 
portionality  between  the  line  width  and  the  coefficient  of  viscosity. 
Experiment  confirms  this  theoretical  conclusion,  too. 
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The  Ogg  e-center  model,  on  which  the  theory  of  paramagnetic  reso¬ 
nance  line  broadening  considered  here  Is  based,  was  seriously  crit¬ 
icized  by  Deygen  [106],  who  developed  a  theory  of  optical,  magnetic, 
and  other  properties  of  metal-ammonia  solutions  by  assuming  that  upon 
dissociation  of  the  metal  atoms  In  the  ammonia  the  electrons  go  over 
into  the  polaron  state.  According  to  Deygen,  It  Is  the  polarons  and 
not  the  local  electron  centers  that  cause  the  remarkable  features  of 
solutions  of  metals  In  ammonia.  Deygen  and  Pekar  [107]  have  shown  that, 
In  first  approximation,  the  hyperflne  Interaction  does  not  change  the 
polaron  energy  and  consequently  It  cannot  cause  broadening  of  the 
paramagnetic  absorption  line.  The  exceeding  narrowness  of  the  reso¬ 
nance  lines  In  metal-ammonia  solutions  was  regarded  as  a  direct  proof 
of  the  existence  of  polarons  In  these  substances. 

Deygen  and  Pekar  considered  also  the  possibility  of  producing  ex- 
clton  concentrations  high  enough  to  permit  observation  of  paramagnetic 
resonance  absorption  of  energy  from  a  radiofrequency  field  by  excltons. 
The  stationary  exclton  concentration  N  can  obviously  be  determined 
from  the  following  formula 

(6.M) 

Where  t  Is  the  exclton  lifetime,  n  the  flvix  of  light  energy  per  square 
centimeter  per  second,  k  the  coefficient  of  exclton  absorption  of 
light  In  the  crystal,  and  v  the  frequency  of  absorbed  light.  If  we  as¬ 
sume  T  =  10“®  sec,  hv  «  1  ev,  k  »  10^  cm”^,  n  «  1  w/cm^,  then  we  ob- 
tain  N  »  10  cm""^.  Thus,  observation  of  parsunagnetlc  resonance  with 

the  aid  of  modern  technological  means  Is  fully  feasible.  In  order  to 
reduce  the  nonradlatlve  deexcltatlon  of  the  excltons.  It  Is  desirable 
to  choose  crystals  free  of  ln^\u>ltles  and  to  use  low  teiq)erat\]res.  It 
must  be  borne  In  mind  that,  as  In  the  case  of  poleu^ons,  there  will  be 
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no  broadening  of  paramagnetic  resonance  line  due  to  hyperflne  interac¬ 
tion  between  the  exclton  and  the  spins  of  the  surrounding  nuclei. 
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[Footnotes  ] 


Levy  [9],  Investigating  the  temperature  dependence  of  the 
resonance  line  width  of  lithium,  established  the  presence  of 
a  Jump  at  approximately  80°K,  this  being  apparently  con¬ 
nected  with  the  existence  of  a  phase  transition. 

Gadolinium,  the  Ions  of  which  also  have  an  odd  number  of 
electrons,  will  be  considered  separately. 

A  natiiral  sample  of  silicon  contains  4.68j^  of  the  Isotope 


Recently,  Investigations  of  paramagnetic  resonance  in  ger¬ 
manium  have  yielded  positive  results  [110]. 


( 
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Chapter  7 
FREE  RADICALS 

§7«1«  ^troductlon.  Hyperflne  Structure  of  Paramagnetic  Resonance 
Lines  In  Solutions  of  Free  Radicals 

The  study  of  free  radicals,  l.e.,  molecules  In  which  at  least  one 
electron  has  uncompensated  spin.  Is  one  of  the  most  Important  fields 
of  application  of  paramagnetic  resonance  and  attracts  at  present  a 
very  large  number  of  Investigators.  It  Is  sufficient  to  state  that  the 
total  number  of  papers  devoted  to  this  problem  already  amount  to  sev¬ 
eral  hundreds.  We  are  therefore  unable  to  give  In  our  book  an  exhaust¬ 
ive  exposition  of  all  the  results  obtained.  We  refer  the  reader  for 
details  primarily  to  Ingram's  book  [1],  and  also  to  the  reviews  by 
Wertz  [2]  and  by  Blyumenfeld  and  Voyevodskly  [3]. 

The  variety  of  substances  that  have  to  be  considered  In  the  pres¬ 
ent  chapter  Is  so  great  that  their  rigorous  classification  Is  very 
difficult. 

Paramagnetic  resonance  In  free  radicals  was  first  observed  In  19^7 
by  Kozyrev  and  Sallkhov  [4]  with  pentaphenylcyclopentadlenyl  ^^3^25 
an  example.  Solid  disclosed  a  single  line  with  a  £  factor  which, 

within  the  limits  of  the  low  measurement  accuracy,  differed  little  from 
two.  It  was  therefore  concluded  that  this  free  radical  has  essentially 
a  spin  magnetism.  In  accordance  with  the  measurements  of  the  static 
magnetic  susceptibility  of  this  substance. 

In  1949*  a  systematic  study  of  the  paramagnetic  spectra  In  free 
radical  was  Initiated.  By  now  numerous  classes  of  these  substances  have 
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been  Investigated,  for  example  organic  derivatives  of  divalent  nitro¬ 
gen,  radical  Ions  of  hydrocarbons,  heptaqulnones,  compo\inds  of  the 
peroxide  type,  blradlcals,  etc. 


An  essential  feature  of  paramagnetic  resonance  spectra  In  free 
radicals  Is  the  fact  that  the  g  factor  Is  very  close  to  Its  value  for 
the  free  electron  Sgpj^n  =  2.0023,  l.e.,  pure  spin  magnetism.  Thus,  for 
ordinary  organic  free  radicals  containing  only  C,  H,  0,  and  N  atoms, 
the  difference  g  —  ggpj^j^  =  Ag  does  not  exceed  0.002-0.003.  This  prac¬ 
tically  complete  lack  of  orbital  magnetism  Is  due  to  the  fact  that  the 
molecules  of  the  free  radical  have  low  symmetry,  and  consequently  the 
orbital  degeneracy  Is  completely  lifted;  there  Is  no  doubt  that  In  many 
of  these  cases  the  lowering  of  the  symmetry  Is  brought  about  by  the 
Jahn- Teller  effect.  In  connection  with  so  strong  a  suppression  of  the 
orbit,  the  spln-orblt  coupling  In  free  radicals  Is  small  and  the  spin- 
lattice  relaxation  time  Is  long  (usually  on  the  order  of  10”^  sec). 

A  second  feature  characterizing  practically  all  free  radicals 
which  In  the  condensed  phase  are  In  pure  undiluted  state  Is  the  exceed¬ 
ing  naturalness  of  the  paramagnetic  resonance  lines:  their  width  as  a 
rule  Is  of  the  order  of  one  or  several  oersted.  This  value  Is  approxi¬ 
mately  100  times  smaller  than  that  calculated  from  magnetic  dipole  In¬ 
teractions  without  account  of  exchange.  Thus,  In  free  radicals  we  have 
an  exan^le  of  a  system  with  tremendous  exchange  forces.  Accordingly, 
the  absorption  line  shape  In  these  radicals  Is  close  to  Lorentzleui, 
and  the  line  width  Is  determined  by  the  spin  lattice  Interactions  [5]. 

It  must  be  noted  that  In  addition  to  exchange  In  free  radicals, 
there  exists  still  another  Important  mechanism  whereby  the  paramagnetic 
resonance  lines  become  narrower;  this  mechanism  was  considered  In  [6]. 
It  consists  In  a  reduction  In  the  effectiveness  of  the  local  magnetic 
fields,  due  to  the  motion  of  the  strongly  delocalized  unpaired  electron 
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within  the  molecule  of  the  free  radical.  There  are  certain  experimen¬ 
tal  confirmations  of  the  reality  of  this  mechanism. 

The  narrowness  of  the  lines  makes  the  height  of  the  resonance 
peaks  In  free  radicals  very  large,  thus  facilitating  their  detection. 
Thus,  for  the  substance  extensively  used  as  the  standard  calibrating  sub 
stance  in  research  on  paramagnetic  resonance,  aa-dlphenyl-P-plcrylhy- 
drazyl  (DPPH)  this  line  can  be  observed  with  modern  apparatus  In  the 
presence  of  only  10“^^  mole  of  DPPH  In  the  sample.  Paramagnetic  reso¬ 
nance  Is  therefore  the  best  of  the  existing  methods  for  detecting  free 
radicals  (at  least  In  condensed  phases). 

The  significance  of  paramagnetic  resonance  to  chemistry  Is  not 
limited  to  this.  An  Investigation  of  the  spectra  of  paramagnetic  reso¬ 
nance  In  solutions  containing  free  radicals  yields  very  valuable  In¬ 
formation  with  respect  to  the  nature  and  properties  of  the  latter. 

This  Information  is  obtained  primarily  by  studying  the  hyperflne  struc¬ 
ture  of  paramagnetic  resonance  spectra.  A  well  resolved  hyperflne 
structure  Is  observed  only  at  sufficiently  low  concentration  N  of  the 
free  radical  In  the  solution  (usually  with  N  <  10"^  mole/liter),  when 
the  exchange  Interactions  between  the  molecules  of  the  free  radicals 
turn  out  to  be  practically  completely  eliminated.  In  this  case  the  ntun- 
ber  of  hyperflne  line  components  is  frequently  very  large  and  their 
relative  Intensities  vary.  The  occurrence  of  such  a  structure  is  ex¬ 
plained  by  the  considerable  delocalization  of  the  unpaired  electron  In¬ 
teracting  with  the  svunmary  spin  of  the  several  atomic  nuclei  con¬ 

tained  In  the  molecule.  Therefore  an  analysis  of  the  observed  hyperflne 
structure  leads  to  conclusions  both  concerning  the  nature  of  the  rad¬ 
ical  itself  and  concerning  the  character  of  the  delocalization  of  the 
molecular  orbit  of  the  vinpaired  electron.  We  shall  Illustrate  this  us¬ 
ing  the  simplest  example  of  aa-dlphenyl-^-plc^ylhydrazyl,  the  structure 
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of  which  is  given  by  the  formula 

**  ~ 

'^NOf 

The  spectrum  observed  in  dilute  solutions  of  this  radical  consists 
of  five  lines  with  Intensity  ratio  1:2:3s 2:1.  It  can  be  explained  by 

assuming  that  the  density  of  the  unpaired  electron 
cloud  Is  equally  distributed  between  the  two  cen¬ 
tral  nitrogen  atoms.  Inasmuch  as  the  spin  of  the 

nil 

N  nucleus  Is  equal  to  one,  we  must  have  21  + 

’  ’  summ 

+1=5  hyperflne  components.  The  ratio  of  the  In¬ 
tensities  of  the  Individual  components  follows  di¬ 
rectly  from  an  examination  of  Pig.  7.1,  which 

shows  first  the  hyperflne  splittings  of  the  ground 

14 

level,  due  to  the  first  N  nucleus,  and  then  the 
splittings  of  equal  magnitude,  due  to  the  second 
nucleus  of  superimposed  on  the  former  splittings. 

A  solution  containing  the  negative  p-benzoheptaqulnone  Ion  also 
displays  five  peaks,  but  with  Intensity  ratio  1:4: 6: 4:1.  Simple  argu¬ 
ments  analogous  to  the  preceding  ones  show  that  In  this  case  there  are 
Identical  Interactions  between  the  electron  spin  and  all  fovir  protons 

of  the  molecule,  l.e.,  that  the  unpaired  electron  density  Is  dlstrlb- 

12 

uted  over  the  entire  ring  (we  recall  that  the  spin  of  the  nuclei  C 
and  0  Is  equal  to  zero,  and  conseq[uently  these  nuclei  do  not  Influ¬ 
ence  the  hjrperflne  structiire). 

0 

O’ 

I 

0* 


Pig.  7.1.  Dia¬ 
gram  of  the  hy¬ 
perflne  split¬ 
tings  produced: 

a)  by  the  first 

atom  of  and 

b)  by  the  sec- 

14 

ond  atom  of  N, 
for  »  Ag. 
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If  the  electron  does  not  Interact  to  the  same  degree  with  all  the 
nuclear  spins,  the  picture  of  the  spectrum  becomes  more  complicated. 

In  particular.  If  the  constant  of  hyperflne  Interaction  with  one  group 
of  nuclei,  having  a  summary  spin  I^^,  turns  out  to  be  much  larger  than 
the  constant  of  Interaction  with  another  group  with  summary  spin  Ig, 
then  each  hyperflne  structure  peak  resulting  from  the  stronger  Interac¬ 
tions  and  consisting  of  (21^  +  1)  components  breaks  up  Into  (2I2  +  1) 
close-situated  peaks  due  to  the  weaker  Interaction.  Finally,  In  the 
case  when  the  constants  for  the  Interaction  between  the  electron  spin 
and  each  of  the  atomic  nuclei  a,  b,  c,  ...  of  the  molecule,  enclosed 
by  the  delocalized  orbit,  turn  out  to  be  different  and  their  ratios  to 
one  another  are  not  whole  numbers,  we  should  have  a  spectrxm  consist¬ 
ing  of  (2Ig^  +  1)(2I^  +  1)(2I^  +  1)...  components. 

We  note  that,  strictly  speaking,  direct  conclusions  concerning 
the  distribution  of  electron  density  can  be  drawn  from  data  on  para¬ 
magnetic  resonance  only  If  the  atoms  enclosed  In  the  delocalized  orbits 
are  completely  equivalent  (as  Is  the  case,  for  example.  In  heptaqul- 
none).  For  atoms  that  are  not  chemically  equivalent  (as  are  the  nitro¬ 
gen  atoms  In  DPPH),  such  a  treatment  Is  only  very  approximate  [3]. 

Let  us  proceed  now  to  discuss  the  causes  of  the  very  possibility 
of  occxirrence  of  a  hyperflne  structure  In  paramagnetic  resonance  spec¬ 
tra  of  aromatic  free  radicals,  such  as,  for  example,  the  negative  Ions 
of  aromatic  hydrocarbons. 

In  order  for  hyperflne  splitting  different  from  zero  to  exist  It 
Is  necessary  that  the  electron  density  on  the  nuclei  also  be  finite. 
Therefore,  a  direct  Interaction  between  an  unpaired  7r-electron  of  an 
aromatic  free  radical  with  ring  protons  Is  Inposslble,  for  the  latter 
are  located  In  the  plane  of  the  ring,  where  the  density  of  the  7r-elec- 
tron  cloud  Is  equal  to  zero.  Thus,  It  appears  at  first  glance  that  the 
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hjrperflne  structure  In  paramagnetic  resonance  spectra  of  aromatic  free 
radicals  should  be  generally  nonexistent.  Yet  experience  shows  the  op¬ 
posite  to  be  true. 

An  attempt  to  explain  the  observed  effect  with  the  aid  of  an  anal¬ 
ysis  of  the  proton  vibrations  normal  to  the  plane  of  the  ring  has  not 
led  to  any  success.  It  was  therefore  assumed  (In  analogy  with  the  as¬ 
sumption  of  the  theory  of  hyperflne  structure  In  Ionic  crystals,  con¬ 
sidered  In  Chapter  3),  that  the  unpaired  electron  of  the  aromatic  rad¬ 
icals  actually  has  a  small  admlxtiire  of  the  excited  a  state.  A  quanti¬ 
tative  calculation  of  the  conflgixratlon  Interaction  for  aromatic  rad¬ 
icals  was  made  by  Welssman  [7],  McConnell  [8],  and  others  [9],  [10]. 

According  to  [7],  the  ground  state  of  the  free  aromatic  radical 
Is  described  as  follows:  (filled  orbits)  where  Is  the  molecular 

orbital  binding  C  and  H.  A  possible  excited  state  that  mixes  with  the 
ground  state  Is:  (filled  orbits)  ag7r(o^)^,  where  Is  the  disintegrat¬ 
ing  orbit.  Since  one  of  the  conditions  of  the  configuration  Interac¬ 
tion  Is  the  requirement  that  both  Interacting  states  have  the  same  sym¬ 
metry  with  respect  to  reflection  In  the  plane  of  the  ring,  an  admix- 
ture  of  the  state:  (filled  orbits)  a^Tr  Is  Impossible. 

It  follows  from  theory  that  the  hyperflne  splitting  A',  expressed 
In  oersted,  produced  by  the  proton  bound  with  the  given  carbon  atom. 

Is  directly  proportional  to  the  density  of  the  unpaired  electron 
cloud  on  the  nucleus: 

A'  =  Qpj.  (7.1) 

Here  Q  Is  a  constant  which  Is  the  same  for  all  the  aromatic  free  rad¬ 
icals,  calculated  to  be  approximately  28  oersted.  This  quantity  Is  the 
distance  between  the  peaks  of  the  hyperflne  structure  under  the  condi¬ 
tion  that  =  1,  l.e.,  that  the  density  of  the  electron  cloud  Is  en¬ 
tirely  connected  with  a  single  C  atm;  on  the  other  hand.  If  the  den- 
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slty  per  one  atom  Is  <  unity,  then  the  constant  A'  should  be  accordingly 
smaller.  Therefore,  If  the  unpaired  electron  Is  delocalized  over  the 
entire  ring,  then  the  distance  between  the  extreme  peaks  of  the  hyper- 
fine  structure  should  again  be  close  to  28  oersted. 

For  the  majority  of  the  Investigated  aromatic  free  radicals,  ex¬ 
perience  has  yielded  quite  good  agreement  with  theory  (see  Table  7*3) • 

In  some  cases,  however,  for  example  In  perlnaphthene,  the  total  hyper- 
fine  splitting  turns  out  to  be  appreciably  larger  than  28  oersted.  This 
was  attributed  to  the  possibility  of  "negative  spin  density"  on  certain 
carbon  atoms.  The  "negative  spin  density"  Is  the  result  of  the  perturb¬ 
ing  action  of  the  unpaired  electron  on  the  orbit  of  the  paired  elec¬ 
trons.  This  perturbation  leads  to  a  partial  decompensation  of  the  In¬ 
itially  paired  spins  and  thus  again  gives  rise  to  a  new  unpaired  elec¬ 
tron  density  with  a  spin  direction  opposite  that  prevailing  on  the  per- 
ttirblng  electron.  The  new  density  has  therefore  a  negative  sign.  The 
Initial,  positive  density  In  tiirn  Increases  further,  so  that  the  alge¬ 
braic  sum  of  the  densities  on  all  the  atoms  of  the  ring  remains  equal 
to  unity  as  before.  For  the  hyperflne  Interactions,  however,  the  sign 
of  the  spin  density  Is  Immaterial,  and  therefore  the  total  hyperflne 
splitting,  which  Is  proportional  to  the  sum  of  the  absolute  values  of 
the  spin  densities,  should  become  larger  than  28  oersted  as  a  result 
of  the  perturbation  [11]. 

The  theory  of  configuration  Interaction  does  not  explain,  however, 
the  hyperflne  splittings  that  arise  as  the  result  of  the  protons  In 
the  groups  that  replace  the  ring  hydrogen  atoms,  such  as  the  CH^,  which 

replace  the  hydrogens  of  the  ring  In  tetrcunethylbenzoheptaqulnone 

6 

O' 
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The  mechanism  that  ensures  the  hyperflne  Interaction  with  the 
protons  of  the  substitutes  consists  of  direct  overlap  of  the  2p_  orbit 
of  the  carbon  atom  of  the  ring  with  a  linear  combination  of  the  orbits 
of  the  two  protons  of  the  methyl  group.  To  the  extent  that  the  p_  orbit 
Is  a  part  of  a  system  containing  an  unpaired  electron,  It  becomes  pos¬ 
sible  for  spin  density  on  the  methyl  group  to  appear.  On  the  other 
hand,  rotation  of  the  methyl  group  relative  to  the  ring  causes  the 
overlap  of  the  electron  clouds  to  become  possible  for  all  three  hydro¬ 
gen  atoms  of  CH^.  This  mechanism,  due  to  the  superconjugation  phen¬ 
omenon,  Is  discussed  In  greater  detail  In  [48,  49]. 

In  the  paramagnetic  resonance  spectra  with  which  we  dealt  up  to 
now  and  which  are  observed  In  liquid  systems  with  low  viscosity,  con¬ 
taining  free  radicals,  only  the  isotropic  part  of  the  hyperflne  inter¬ 
actions  plays  an  important  role;  the  anisotropic  part  of  these  inter¬ 
actions  Is  effectively  averaged  by  the  Brownian  movement.  In  reference 
[12],  which  Is  devoted  to  paramagnetic  resonance  in  the  Inorganic  free 
radical  ClOg  (chlorine  dioxide),  it  Is  shown  that  whereas  In  dilute 
liquid  solutions  of  this  radical  one  observes  four  hyperflne  structure 
peaks  (from  35,37^2  with  I  =  3/2)  with  distance  A'  =  17  oersted  between 
peaks  and  with  each  peak  M  =  8  oersted  wide,  after  freezing  the  solu¬ 
tions  A'  becomes  equal  to  32  oersted  with  a  corresponding  Increase  In 
AH.  The  Increase  In  both  AH  and  In  A'  are  due  to  the  fact  that  freez¬ 
ing  removes  the  averaging  action  of  the  motion. 

An  analogous  result  was  obtained  by  Berthet  [13],  who  Investigated 
the  hyperflne  structure  of  the  free  radical  (CH20CgH|^)gN0  in  solid  and 
liquid  solutions.  Whereas  In  the  liquid  solution  we  have  for  the  con¬ 
stant  A'  =  11  oersted  and  the  Intensities  of  all  three  peaks  (from  the 
nucleus)  are  equal  to  one  another.  In  solid  solution  we  have  A'  = 

=  18  oersted  and  the  components  have  different  Intensities.  Worthy  of 
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notice  Is  also  the  fact  that  the  observed  hyperfine  structure  appears 
in  the  solid  solution  at  a  23^  concentration  of  the  free  radical, 
whereas  In  liquid  solutions  It  Is  observed  only  at  0.35^  concentration. 
This  difference  may  be  evidence  of  the  fact  that  In  liquid  solutions 
the  free  radicals  are  contained  In  the  form  of  Individual  molecules 
only  under  appreciable  dilutions. 

§7.2.  Free  Radicals  In  the  Pure  State 

Before  we  present  the  results  obtained  for  different  classes  of 
pure  free  radicals,  it  Is  advantageous  to  dwell  on  the  most  Investi¬ 
gated  among  these  substances,  aa-dlphenyl-p-picrylhydrazyl,  DPPH,  as 
being  one  of  the  chemically  most  stable  free  radicals,  widely  used  for 
an  estimate  of  the  sensitivity  of  magnetic  spectroscopes,  for  an  es¬ 
timate  of  the  niimber  of  paramagnetic  centers  in  the  Investigated  spec¬ 
imens,  and  finally.  In  some  cases  to  determine  the  £  factors. 

Resonance  In  solid  DPPH  was  first  measured  in  1950  [l4];  the  ^ 

factor  In  polycrystalline  specimens  was  found  to  be  2.0036  +  0.0003; 

the  line  width  Is  AH  =  2.7  oersted.  Later  on  It  was  observed  In  single 

crystals  of  DPPH  that  a  slight  anisotropy  exists  both  In  the  values  of 

£  and  In  the  values  of  AH  [15,  77].  The  saturation  method  was  used  to 

measure  the  longitudinal  relaxation  time  T^^,  which  was  found  to  be 
8 

6. 3* 10”  sec,  which  Is  close  in  magnitude  to  Tg,  as  should  be  the  case 
for  systems  with  strong  exchange  [5]  (see  §5*3 )•  The  theory  of  DPPH 
absorption  lines  In  weak  fields  was  developed  In  [I6]  and  later  on  con¬ 
firmed  experimentally  [17]. 

A  character Is tic, long -unexplained  feature  In  paramagnetic  reso¬ 
nance  of  solid  DPPH  was  the  great  difference  In  the  values  of  AH  (from 
about  1  to  about  7  oersted),  obtained  by  different  researchers. 

The  main  reason  for  these  discrepancies  was  explained  In  a  paper 
by  Arbuzov,  Valitova,  Oarlf 'yanov,  and  Kozyrev  [I8],  vrtio  Investigated 
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the  influence  exerted  on  AH  by  the  solvent* 
from  which  the  DPPH  is  crystallized.  The 
results  of  their  measurements,  made  in  fine 
crystalline  powders  in  vacuum  are  listed  in 
Table  7.1. 

It  is  seen  from  the  table  that  the 
nature  of  the  solvent  greatly  Influences  the 
line  width;  this  is  e:^ected.  Incidentally, 
since  it  has  already  been  known  that  some 
solvents  enter  into  the  crystalline  lattice 
of  DPPH  (it  is  not  without  Interest  to  note 
here  that  the  chemical  analyses  show  that 
In  no  case  Is  there  a  g\iarantee  that  the 
solvent  enters  into  the  lattice  in  stoichio¬ 
metric  proportions). 

The  investigated  specimens  of  DPPH  are  divided  into  two  groups: 
in  the  first  (cyclic  solvents)  the  lines  narrow  down  upon  cooling  and 
upon  increase  in  the  frequency;  in  the  second  (noncyclic  solvents), 
both  relations  are  reversed.  A  slight  narrowing  down  with  increasing 
frequency,  observed  in  the  first  group,  agrees  qualitatively  with  the 
theory  of  Kubo  and  Tomlta  for  pure  isotropic  exchange  (see  Chapter  5) 
and  is  probably  the  result  of  the  vanishing  of  the  nonsecular  line 
broadening  in  strong  fields  Hq.  The  narrowing  down  upon  cooling  can  be 
explained  as  being  the  result  of  the  dependence  of  the  nonsecular 
broadening  on  the  correlation  time. 

However,  the  dependence  of  the  line  narrowing  in  DPPH  of  the  sec¬ 
ond  group  on  the  frequency  cannot  be  explained  slitply.  One  could  as¬ 
sume  this  dependence  to  be  the  consequence  of  the  large  anisotropy  of 
the  £  factor  in  the  second  group,  but  measurements  made  by  Yablokov 
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TABLE  7.1 

Width  of  Paramagnetic 
Resonance  Lines  in 
DPPH  Specimens  Ob¬ 
tained  with  Different 
Solvents 


1 

PaCTIOpHTCJk 

A//,  »pcm2 

«  -  300  A(;i| 

_ 3 

-’woo 

395*  K 

»•  K 

J9&*  K 

4BeH3oa 

6^8 

4,6 

4,7 

5Toflyoa 

2.9 

2,6 

2,6 

OKcii;io;i  (cMecb) 

2,5 

2,2 

2,3 

OBpOMOCpOpM 

5,3 

2,2 

5,0 

2,5 

5,0 

2,5 

9MetbipexxflopH- 

ctuB  yrxepoji 

1.9 

2.7 

2,3 

lUX.iopo4)opM‘ 

1.7 

2.1 

2,0 

llCepoyrjiepojt 

1.3 

1.3 

1.5 

1)  Solvent;  2)  oe;  3) 
Mcs;  4)  benzene;  5) 
toluol;  6)  xylol  (mix¬ 
ture);  7)  pyridine;  8) 
bromoform;  9)  carbon 
tetrachloride;  lo) 
chloroform;  11)  carbon 
disulfide. 


[20]  In  single  crystals  of  DPPH  have  shown  that  this  anisotropy  Is  ap¬ 
proximately  the  same  for  a  benzene  specimen  (gjj  =  2.0031  +  0.0003; 
g^  =  2.0039  +  0.0003)  and  for  a  chloroform  specimen  (gj^  =  2.0030  + 

+  0.0002;  g^  =  2.0040  +  0.0002).  Thus,  there  Is  still  no  complete  ex¬ 
planation  of  the  line  width  In  modifications  of  DPPH. 

The  nature  of  the  solvent  Is  not  the  only  factor  that  Influences 
AH  In  DPPH.  As  was  established  In  [21,  l8],  a  reversible  line  broaden¬ 
ing,  due  to  the  adsorption  of  Og  molecules  from  air,  was  observed  In 
fine  crystalline  specimens  pertaining  to  the  second  group.  Pumping  out 
the  air  narrows  the  line  down  to  the  value  of  AH  corresponding  approx¬ 
imately  to  the  coarse  crystalline  specimen.  This  effect  Is  analogous 
to  one  previously  observed  on  carbons  [22]  and  Is  due  to  shortening  of 
the  spin- lattice  relaxation  time  In  DPPH  under  the  Influence  of  the 
magnetic  moments  of  the  Og  molecules.  Indeed,  It  has  been  shown  by  the 
satiAratlon  method  that  along  with  broadening  the  lines,  adsorption  of 
oxygen  causes  also  a  shortening  of  T^.  The  Og  causes  a  particularly 
strong  broadening  of  the  narrowest  line  obtained  In  specimens  that 
crystallize  out  of  carbon  bisulfide  [l8].  For  specimens  crystallized 
out  of  chloroform,  the  Influence  of  oxygen  Is  much  greater  at  tempera¬ 
tures  90-273 °K  than  at  temperatvires  above  273°K  [21]. 

It  follows  from  all  the  foregoing  that  If  DPPH  Is  used  as  a 
standard.  It  Is  necessary  to  Indicate  the  method  by  which  It  has  been 
obtained,  to  know  the  chemical  composition  of  the  specimens,  and  to 
use  specimens  that  have  been  Isolated  from  the  action  of  oxygen.  Appa¬ 
rently  the  most  suitable  standard  Is  DPPH  crystallized  out  of  benzene, 
where  the  adsorption  of  oxygen  has  a  negligible  Influence. 

It  Is  necessary  to  take  account  of  the  fact  that  the  dependence 
of  AH  on  the  fine  points  of  Its  production  technique  and  on  the  medium 
from  which  the  specimen  Is  cxystalllzed  Is  not  confined  to  DPPH,  but 
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TABLE  7.2 


4 


9 


10 


a 


15 

16 
17 


21 


29 

30 


31 


1  PajHMJi 

B 

6//, 

2 

Lwrcpa- 

Bciiaoxiiiinupoii,  aAcop($.  iia 

Ba(0H)..8H,0 

2,003 

lICCKOabKO 

28 

Bll4)CIIII.1CIITpil(pCI{tl.'t3Tlt.1 

2,00 

5 

30 

BypcTcpa  ro.iy6o(t  (ncpexacpai) 

2,003 

2,7 

32 

Bypcicpa  ro.iyfioft  (iiiiKpaT) 

2,0033 

6 

33 

'  >  >  ((jjcpptiiuia- 

Hllfl) 

2,0028 

2,7 

(331 

jXiinapaaiiiiaii.iaaoTa  OKiiCb  (mo- 

g  1=2,0095; 

(341 

HOKp.) 

^  j^=  2,00.35 

^iinapaKcciiii.iMCTU.'i 

2,00 

lICCKOabKO 

[321 

Jl.ii({)CHiiaciiTpii(pciiii.iMeTna 

— 

5 

[32] 

^iKpejiiiaxiiiioKcaaiiiia  xaopo- 

craiiHHT 

2,00,36 

[33| 

Kciiboiia  —  Baiiipii.ua  pajtitKaa 

2,0057 

8,9 

(32,33) 

2-iniTpo(i)CnaHTpo(l)CHa3ima  xjjo- 

pocTamiiiT 

2,0032 

nci{Ta(pcHii.iuiiKaonciiTa;iitciiitJt 

2,0025 

'Vl' 

nop4)i(poKCiut 

2,0065 

17,0 

(3I, 

nop(|)iipiiiijiiiH 

2,0057 

10,7 

[ai 

TcTpaMeTiiaficHaitjiiiiia  (ftopMiiar 

2,00 

3.4 

rsli 

TcTpaMCTHaficiiaiuiiiia  ncpx.iopat 

2.00 

— ■ 

I32) 

TcTpaMCTii.iCTii6oiin{tncpoKC(i.ia- 

MHiia  ;iiicy.'ib(poiiaT 

2,00 

100 

(32) 

TiiMoxiinniapoit,  aacop6.  Ha 

Ba  (0H),-SH,0 

28 

Tpii-p-KCCHiia.MeTtia 

2,0031 

5.7 

32 

Tpii-Tcip.-(5yTii.i(J)eiioKcna 

2,0052 

7.7 

23 

Tpii<t)ciiii.iaMiiHa  nepxaopat 

2,003 

2 

32 

Tpii-/>-aiiii3ii.'iaMiiHa  ncpxaopar 

0,68 

36 

Tpii-/)-aMMHO(t)Ciui.ia.MHiia  ncp¬ 

xaopar 

0,.33 

(36) 

Tpir-/»-iinTpo<{icitHaMeTHa 

2,0037 

0,7 

[32] 

<^eHaHTpaxlltll•lupoH,  aACop6.  Ha 

Ba  (OH),  •  8H,0 

(28) 

M<|)Ciina-A^-9-;tCKaaiia-iV-OKCoa- 

Miiiiiia 

2,0036 

(37) 

<I>cHHa  (y-4)CHiiaonoro  3i))iipa 

0KCiiMa-2-MCTii.iiicfiraii0H-4- 

liaa  2)  MIITpoKCtlJ  (MOIIOKplICT.; 

(  =  2,0042 

^,  =  2,0064 

[34] 

^s  =  2,0083 

XpoMoiicii  CXCoH,).! 

1,975 

38 

58 

1,987 

28 

58 

'  Cr  (CoHr,— CeHi)sOCaH5 

1,993 

20 

58 

l)  Radical;  2)  oe;  3)  literature;  4)  benzoqulnhydrone  adsorbed  on 
Ba(0H)2*8H20;  5)  blphenylentriphenylethyl;  6)  Wurster's  blue  (per¬ 


chlorate);  7)  Wurster's  blue  (plcrate);  8)  ( f errlcyanlde ) ;  9)  nitrogen 
dlparaanlsyl  oxide  (monocrystalline);  10)  dlparaxenylmethyl;  11)  dl- 
phenylenetrlphenylmethyl;  12)  diphenylqulnooxallne  chlorostannite;  13) 
Kenyon-Banfield  radical;  l4)  2-nitrophenanthrophenazlne  chlorostannite; 
15)  pentaphenylcyclopentadlenyl;  16)  porphyroxlde ;  17)  porphyrlndlne ; 
18)  tetramethylbenzidlne  formlate;  19)  tetramethylbenzldlne  perchlorate 
20)  tetramethylstlbonlumperoxylamine  dlsulfonate;  21)  thjnnoquinhydrone, 
adsorbed  on  Ba(0H)2* 8H2O;  22)  trl-p-xenylmethyl;  23)  trl-tetr.  butyl- 


phenoxyl;  24)  trlphenylamlne  perchlorate;  25)  trl-p-anlsylamlne  per¬ 
chlorate;  26)  trl-p-amlnophenylamine  perchlorate;  27)  trl-p-nltrophenyl 
methyl;  28)  phenantraqulnhydrone  adsorbed  on  Ba(0H)2*8H20;  29)  N-phenyl 


N-9-deoalyl-N-oxoamlnyl;  30)  phenyl  (N-phenyl  ether  oxlme-2-methylpent- 
anone-4  or  2)  nltroxlde  (monocryst. ) J  31)  chromocene. 
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may  occur  also  In  many  other  radicals.  Thus,  for  pentaphenylcyclopenta- 
dlenyl,  a  value  of  AH  amounting  to  several  times  ten  oersteds  was  ob¬ 
tained  In  [4],  0.62  oersted  was  obtained  In  [23],  and  from  5  oersted 
upward  was  obtained  In  [24]  (depending  on  the  solvent). 

Unfortunately,  In  most  work  on  DPPH  and  Its  derivatives  It  Is  not 
Indicated  from  which  solvent  the  radical  was  crystallized. 

In  addition  to  DPPH,  several  polycrystalllne  free  radicals  of  sim¬ 
ilar  sti*ucture  were  Investigated  [25 ]j  these  were  of  the  type 

0\ 

N-iii— y-NOi,  where  X  Is  Cl 


(g  =  2.0042J  6H  =  1.2  oe)j  Br  (g  =  2.002;  6H  =  2.2  oe);  OCH^  (g  =  2.000 
6H  =  2. 6  oe) ;  P  (g  =  2.000;  6H  =  4.1  oe).  Here  6H  Is  the  line  width  at 
the  points  of  Inflection.  Also  Investigated  was  dlphenyloxyplcrylhy- 
drazyl  powder,  with  the  same  value  of  _g  as  In  DPPH  and  6H  =  3  oersted 
[26]  and  single  crystals  of  N-plcryl-9-amlnocarbazyl,  vrlth  g  2.004l- 
2.0024;  6H  =  0.5  oersted  [27>  28].  The  last  substance  differs  very  lit¬ 
tle  from  DPPH,  having  a  structural  formula 

/NO, 

N  -li  • 


o 

I 

o 


Nonetheless,  Its  line  width  Is  considerably  smaller  than  In  any  mod¬ 
ification  of  DPPH. 

Certain  results  of  measurements  of  paramagnetic  resonance  In  solid 
organic  free  radicals  of  other  types  are  listed  In  Table  7.2.  They  do 
not  claim  to  be  exhaustively  con5)lete. 

§7.3.  Free  Radicals  In  Solutions 

In  §7* 1  we  pointed  out  that  from  the  chemical  point  of  view  the 
most  Interesting  Is  an  Investigation  of  the  paramagnetic  resonance  line 
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hyperflne  structure  observed  at  sufficiently  low  free  radical  concen¬ 
trations  in  solutions.  We  give  here  some  results  obtained  In  a  study 
of  solutions  of  free  radicals. 

We  have  seen  that  DPPH  in  solution  yields  five  lines.  N-plcryl-9- 
amlnocarbazyl,  which  Is  very  close  to  It,  yields  seven  lines,  corres¬ 
ponding  to  a  ratio  of  2  between  the  constants  A'^  and  A'g  of  interac¬ 
tion  with  the  nuclei  of  the  first  and  second  atoms  of  the  nitrogen. 

The  maximum  possible  number  of  lines,  namely  nine,  could  be  obtained 
In  solutions  of  diphenyldlnltrosulfophenylhydrazyl  salt 


O 

O 


-  N 


where  the  constant  of  Interaction  with  the  first  nitrogen  atom  Is  A^^  = 
=  12  oersted,  while  Ag  =  8  oersted  [38,  39].  We  see  from  this  example 
how  sensitive  the  hyperflne  structure  Is  to  the  least  changes  In  the 
distribution  of  the  electron  densities  In  the  molecule. 

In  order  to  verify  the  hyperflne  structure  theory,  great  Interest 
attaches  to  solutions  containing  Ions  of  aromatic  hydrocarbons.  One  of 
the  first  to  be  Investigated  [4o]  was  the  negative  naphthalene  Ion 

I  a  a  I" 


which  Is  obtained  when  alkali  metals  act  on  solutions  of  naphthalene 
In  tetrahydrofurane  or  dime  thy  oxy  ethane.  The  nature  of  the  metal  and  sol¬ 
vent  does  not  change  the  spectrum,  which  consists  of  17  lines  with  in¬ 
tensities  1:1:1:2:2:1:2:2:1:2:2:1:2:2:1:1:1  and  with  a  distance  of 
27.2  oersted  between  the  outermost  peaks  ("total  splitting").  This 
quantity  Is  In  very  good  agreement  with  the  theoretical  value  of  the 
total  splitting  (28  oersted).  The  number  and  Intensity  of  the  lines 
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were  explained  on  the  basis  of  an  approximate  calculation  of  the  molec¬ 
ular  orbitals,  made  as  long  ago  as  In  1931  by  Huckel  [4l].  If  the  con¬ 
stants  and  of  the  hyperflne  structure  due  to  the  a  and  p  protons 
of  the  naphthalene  Ion  are  equal,  we  should  have  nine  lines;  If  A^  » 

»  Ap  five  groups  of  lines  should  be  obtained,  each  containing  five 
nearby- lying  components.  The  niomber  17,  on  the  other  hand,  corresponds 
to  a  ratio  A^/A^  =  which  Is  obtained  Indeed  from  calcu¬ 

lations  made  following  Huckel.  The  most  exact  value  of  the  ratio  A^:Ap, 
obtained  from  a  detailed  analysis  of  the  paramagnetic  resonance  spec¬ 
trum,  Is  5-01:1.79. 

12  l’^ 

Partial  replacement  of  C  by  “^C  has  made  It  possible  to  obtain 
for  the  naphthalene  Ion  the  constant  of  the  hyperflne  structure  due  to 

1-3 

the  Interaction  between  the  electron  spin  and  the  spin  of  the  “^C  nu¬ 
cleus  (I  =  1/2).  It  turned  out  to  be  equal  to  7.1  oersted,  from  which 
the  density  of  the  electron  cloud  on  the  C  nucleus  was  calculated.  Sev¬ 
eral  other  negative  aromatic  ions  were  Investigated  In  similar  fashion 
(see  Table  7-3) >  and  the  electron  densities  on  the  protons  were  calcu¬ 
lated  and  found  likewise  to  be  In  good  agreement  with  the  calculations 
based  on  [4l].  In  addition,  experiments  on  paramagnetic  resonance  have 
made  It  possible  to  establish  an  electronegativity  scale  for  the  aro¬ 
matic  Ions,  and  If  It  Is  ass\mied  that  the  lifetime  of  the  electron  on 
the  Ion  determines  the  line  width,  one  can  also  determine  the  speed  of 
electron  transition  between  the  aromatic  molecule  and  the  Ion  [42]. 

By  treating  aromatic  hydrocarbons  with  concentrated  H^SO^,  It  Is 
possible  to  obtain  positive  ions  of  these  hydrocarbons  which  are  also, 
natvirally,  free  radicals.  Several  such  radicals  were  Investigated  by 
the  paramagnetic  resonance  method  [43,  44]. 

Treatment  of  several  organic  substances  of  other  classes  with  sul¬ 
furic  acid  (for  example,  anthraqulnone,  thiophene,  and  many  others), 
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also  leads  to  the  occurrence  of  paramagnetic  resonance  spectra  [45,  46]. 
In  these  cases,  however,  one  obtains  not  positive  Ions  with  the  charac¬ 
ter  of  radicals,  but  radical  oxidation  products  of  the  corresponding 
organic  substances,  as  was  convincingly  shown  In  [47]. 

A  large  group  of  Investigations  was  devoted  to  solutions  contain¬ 
ing  various  heptaqulnones  and  their  derivatives.  The  experimental  val¬ 
ues  of  the  hyperflne  structure  constants  were  compared  with  those  cal¬ 
culated  on  the  basis  of  the  superconjugation  theory,  developed  In  [48, 
10]  and  gave  good  agreement  [49]. 

The  picture  of  the  spectrum  Is  frequently  very  complicated.  Thus, 
for  monomethyl-n-benzoheptaqulnone  It  becomes  necessary  to  assume  that 
the  hyperflne  structure  constant  for  the  two  ring  protons  Is  = 

=  A'g  =  2.48  oersted,  while  that  for  the  third  ring  proton  Is  A'^  = 

=  1.73  oersted,  and  for  the  methyl  protons  the  same  constant  Is  B'  = 

=  2.02  oersted  [50].  The  spectrum  becomes  simpler  If  the  substituents 
are  chlorine  atoms.  Inasmuch  as  the  hyperflne  splitting  due  to  these 
atoms  Is  small  and  does  not  produce  resolved  lines,  since  It  partici¬ 
pates  only  In  the  width  of  the  components.  Thus,  In  trlchlorobenzohep- 
taqulnone  one  observes  only  two  components,  due  to  the  single  ring  pro¬ 
ton  [51]'  On  the  contrary,  fluorine-  substituted  heptaqulnones  dls- 

IQ 

close  a  hyperflne  structure  due  both  to  the  protons  and  to  the  nu¬ 
clei,  owing  to  the  large  magnetic  moment  and  the  small  spin  (I  =  1/2) 
of  the  latter  [1]. 

Prom  among  the  numerous  free  radicals  of  other  classes.  Investi¬ 
gated  In  solution,  we  shall  discuss  only  a  few  and  refer  the  reader 
for  more  details  to  Ingram's  book  [1],  Thus,  we  point  out  that  the 
spectra  In  solutions  of  trlphenylmethyl  [52]  and  a  few  other  radicals 
disclose  anomalously  large  hyperflne  splittings.  Trlphenylmethyl 


-  376  - 


yO- 


Y 


should  yield,  assuming  that  the  corresponding  H  atoms  in  all  three 
rings  are  equivalent,  a  total  of  (21  +  1)(2Iq  +  l)(2I  +  l)  =  196 

u>  p  y 

lines.  These  are  not  fully  resolved,  and  the  total  splitting  is  25  oer¬ 
sted.  But  an  investigation  of  a  specimen  containing  in  the  methyl 
position  has  shown  the  occurrence  of  a  doublet  due  to  the  nucleus 
with  a  splitting  of  22  oersted,  which  Indicates  that  a  considerable 
fraction  of  the  density  of  the  unpaired  electron  is  concentrated  pre¬ 
cisely  on  the  methyl  carbon,  smd  consequently,  on  the  remaining 
atoms  should  be  considerably  less  than  unity.  An  explanation  of  the 
spectrum  of  trlphenylmethyl,  which  we  shall  not  discuss,  was  given  in 
[53,  54]. 


In  the  radicals  considered  so  far,  both  in  solid  form  and  in  so¬ 
lutions,  the  ^  factor  is  very  close  to  2.0023.  More  significant  devia¬ 
tions  from  this  value  are  observed  in  solutions  of  radicals  containing 
sulfur,  and  also  in  radicals  of  the  peroxide  type  [55].  This  indicates 
a  much  stronger  localization  of  the  unpaired  electron  in  the  latter 
cases.  Radicals  containing  sulfur  were  obtained  by  dissolving  thlo- 
phenol,  thlocresol,  thlonaphthol,  and  dlphenyldlsulflde  in  concentrated 
sulfuric  acid  [45,  46],  All  give  a  paramagnetic  resonance  spectrum  con¬ 
sisting  of  two  groups  of  lines  with  g^  =  2.OI5I  and  gg  =  2.OO81  (the 
values  of  £  are  determined  for  the  centers  of  the  groups).  These  groups 
are  due  to  two  different  radicals,  since  the  second  group  turned  out 
to  be  more  stable  in  time,  and  remains  when  the  first  vanishes  com¬ 


pletely.  A  group  of  five  lines  with  g  =  2.OO8I  is  produced  by  the  thi- 
atrene  ring  with  four  protons.  The  group  with  g  =  2.OI51  apparently  is 
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•  I 

due  to  the  (CgH^S)H  radical  with  appreciable  localization  of  the  un¬ 
paired  electron  on  the  sulfur  atom. 

We  note  that  along  with  organic  sulfur  derivatives  with  radlcal- 
llke  character,  paramagnetic  resonance  was  observed  also  In  pure  molten 
sulfur  [56,  57]-  It  Is  observed  at  temperatures  from  189  to  4l4°C.  One 
line  was  noted  (the  spin  of  the  nucleus  Is  zero),  with  a  near- 
Lorentzlan  shape  and  g  =  2.024.  Neither  the  line  width  nor  g  depend  on 
the  temperature.  This  resonance  Is  due  to  a  partial  breaking  of  the 
bonds  of  the  ring  molecules  Sg.  A  solution  of  sulfur  In  fuming  sulfuric 
acid  [1]  also  discloses  two  lines  (at  20J^  ^*^3)  with  g  factors  that 
fluctuate  between  2.003  and  2.018  for  one  line  and  between  2.025  and 
2.032  for  the  other.  The  latter  Is  apparently  due  to  the  broken  Sg 
rings,  and  the  former  to  some  other  radical  containing  sulfur. 

Great  Interest  Is  attached  to  an  investigation,  made  by  Voyevod- 
skly  and  his  coworkers  [581  59]>  of  solutions  containing  chromo-aromatic 
compounds  of  "sandwich"  structtire.  Compounds  of  this  type  (metallo¬ 
cenes)  have  a  structure  (CgHg)2Me  or  (C^H^)2Me,  etc.,  where  the  metal¬ 
lic  atom  Is  slttiated  between  two  parallel  ring  structures.  The  nature 
of  the  covalent  bond  of  the  metal  with  the  addend  In  these  compounds 
cannot  be  described  within  the  framework  of  the  theory  of  ordinary  two- 
electron  bonds.  Quantum  mechanical  calculations  on  compounds  of  this 
type  are  developed  In  [60]. 

An  Investigation  [58,  59]  of  paramagnetic  resonance  spectra  In 
chromocene  cations  of  the  type 


C,H,x 

Cr 

C,H,X 


where  X  =  H,  CgHg,  cyclo-CgH^^,  COOH,  etc.,  have  shown  the  presence  of 
a  hyperflne  structure  In  which  the  number  of  components  corresponds  to 
the  number  of  protons  on  the  two  rings j  on  the  other  hand,  a  binomial 
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distribution  of  the  component  Intensities  has  led  to  the  conclusion 
that  all  these  protons  are  equivalent.  The  summary  spin  density  on 
both  rings  amounts  to  1.92.  It  follows  from  this  that  0.92  of  the  den¬ 
sity  of  the  unpaired  electron  with  opposite  spin  orientation  Is  local¬ 
ized  on  the  chromium  atom. 

It  was  shown  In  [6l]  that  the  width  of  the  paramagnetic  resonance 
spectrtim  components  in  chromocenes  depends  strongly  not  only  on  the 
substitutes,  but  also  on  the  nature  of  the  solvent  and  on  the  tempera¬ 
ture. 

In  addition  to  the  stable  radicals,  one  can  sometimes  detect  In 
liquid  solutions  radicals  that  are  formed  during  the  course  of  the  re¬ 
actions.  Thus,  for  example,  in  [62]  there  was  Investigated  the  para¬ 
magnetic  resonance  of  pyrogallol,  which  oxidizes  in  air,  in  aqueous 
and  alcohol  solutions.  At  room  temperatures,  the  lifetime  of  the  free 
radical  turned  out  to  be  on  the  order  of  several  minutes;  g  =  2.005; 
the  spectrum  consists  of  two  triplets.  In  most  cases,  however.  In  solu¬ 
tions  with  low  viscosity,  the  unstable  radicals  have  so  short  a  life¬ 
time  that  their  dynamic  concentration  lies  on  the  borderline  of  the 
sensitivity  of  modern  apparatus.  Furthermore,  the  short  lifetime 
causes  broadening  of  the  absorption  lines,  which  makes  their  detection 
even  more  difficult.  Unstable  radicals  are  therefore  Investigated  usu¬ 
ally  by  rapidly  freezing  the  solutions. 

To  conclude  this  section,  we  present  Table  7.3,  taken  from  [1]. 

It  Illustrates  the  experimental  results  obtained  in  the  Investigation 
of  several  types  of  stable  free  radicals  In  solutions. 

§7.4.  Irradiated  Organic  Substances.  Radicals  In  Polymers  and  Carbons. 

Blradlcals  ana  Jrlplet  States.  Biological  Objects 

1.  Irradiation  of  organic  substances  with  ultraviolet,  x-rays, 
and  Y-rays  frequently  damages  their  molecular  structure  and  leads  to  the 
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TABLE  7.3 

Stable  Free  Radicals  in  Solutions  [1] 


1 


PaXHKia 

A//  it;iH  paCCTOIIHHt 
MfiMCAy  KpaAltHMIl 

^  niiKaMH  CTCi 

Macao  komiio- 
-iiciiT  CTC 

.  ^Htcpatyp* 

£  §pem 

■P  - - 

A)  ApoM.iTM'iecKiie  noiiu 
aiiTpaueiia 
6eH3oaa 

I  m-;iittiiiTpo6cii3oaa 
A>«t>ci<Haa 
'  HaipTaaHiia 

iia^Ta.niiia  c  "C 
[  iiaipTaaiiiia  c  D 

i  IIHTpO(SCH30aa 

iicpiiiia({iTeiia 
i  neptiacHa 

j  TCTpaueiia 

Tpiiii>tTpo6eH3oaa 
)  B)  CcMHXIIIIOMfal 

I  1)  p'ficiiaoceMiixMiiOH 

)  MOII0.\ICTlI.l-p-6cll3OCCMllXHHOH 

TCipaMCTna 
MOMOXaOp 

Tptixaop 
TCTpaxacp 
2,5-A»-TepT-6yTHa 

2)  I,4>Ha9TOCCMtixiiiioH 
2,3-AiiMeTii.i-l,4-iia(pToccMiixiiHOH 

3)  O-6CH30CCMMXIItlOH 

4-TcpT-6yTii.i-o-6eii3occMiixiiiiOH 
3-(jieMiia  »  . 

oKiic.iciiiiuH  I,  2,  3-6eii3oa-; 

Tpiioa 

!  B)  tlcpxaopaTbi  Tpiiapii.iaMHHa 
TpiiaiiHSiia 
TpilAII(|)CHIi.1 
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24 
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27 
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75 
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38 

10 

40 

2X35 

76 

65 

9 

38 

5 

77 

3 

78 

5 

79 

4 

40 

21X4 

76 

1)  Radical;  2)  AH  or  distance  between 
outermost  hfs  peaks,  oe;  3)  number  of 
hfs  components;  4)  literature;  5)  A) 
aromatic  Ions  of;  6)  anthracene;  7) 
benzene;  8)  m-dlnltrobenzene ;  9)  di¬ 
phenyl;  10)  naphthalene;  11)  naphtha¬ 


lene  with  ^C;  12)  naphthalene  with 
D;  13)  nitrobenzene;  l4)  perlnaph- 
thene;  15)  perllene;  I61  tetracene; 
17)  trlnltrobenzene ;  I8)  B)  hepta- 
qulnones;  I9)  1)  p-benzoheptaqulnone ; 

20)  monomethyl-p-benzoheptaquinone ; 

21)  tetramethyl;  22)  monochloro-; 
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Key  to  Table  7.3  (Continued) 

23}  trlchlor®-;  24)  tetrachloro*-; 

25)  2,5-dl-tert-butyl-<;  26)  2)  1,4- 
naphthoheptaqulnone j  27)  2.3-dlinethyl- 
1,4-naphthoheptaquinone;  2o)  3)  o- 
benzoheptaqulnone;  29)  4-tert-butyl- 
o-benzoheptaquinone;  30)  3-phenyl; 

31)  oxidized  1,  2,  3- benzenetrlol; 

C)  perchlorates  of  trlarylamine j  33) 
trlanlsyl;  34)  trldlphenyl;  35)  D) 
Wurster's  salts  (positive  ions)  non- 
substltuted  Wurster's  salt;  36)  N- 
methyl  substituted  salt;  37)  NN-dl- 
methyl;  38)  NN' -dimethyl;  39)  NN-dl- 
methyl-NN' -deutero;  40;  tetramethyl 
substituted  salt;  4l)  E)  various 
other  radicals;  42)  carbazyl;  43)  dl- 
fluoronltrogen;  44)  dimesltylmethyl; 
45)  dl-p-anisylnltroxlde :  46)  dlphen- 
yldlnitrosulfon^llTydrazyl  j  47)  aa- 

dlphenyl-P-picryl-hydrazyl;  48)  per- 
oxylamlne  dlsulfonate;  49)  phenazlne; 
50;  s odium- trlmesltyl -boron;  51)  trl- 
phenylmethyl. 


formation  of  free  radicals.  A  study  of  such  radicals  by  the  paramag¬ 
netic  resonance  method  Is  of  great  scientific  and  practical  Interest; 
by  now  a  considerable  literature  has  been  devoted  to  this  problem. 
Usually  the  substances  are  investigated  In  the  solid  phase  or  In  liquids 
with  high  viscosity,  for  In  this  case  It  becomes  possible  to  accumulate 
the  radicals  that  are  obtained  as  a  result  of  the  Irradiation. 

An  Investigation  of  objects  Irradiated  with  ultraviolet  has  ad¬ 
vantages  over  work  with  x-rays  or  -y-rays,  for  In  the  former  case  the 
smaller  size  of  the  quantum  makes  the  destruction  of  the  molecules  and 
the  formation  of  free  radicals  much  more  selective  In  character,  and 
therefore  the  observed  spectra  are  simpler  and  easier  to  Interpret.  In 
the  case  of  x-rays,  and  peirtlcularly  y-rays,  one  obtains  sometimes  a 
whole  set  of  different  free  radicals;  consequently  the  paramagnetic 
resonance  spectra  becomes  highly  complicated. 

The  first  work  on  the  study  of  free  radicals  In  Irradiated  sub- 
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stances  was  carried  out  In  1951  ty  Shnelder  and  his  coworkers  [80], 
who  Investigated  paramagnetic  resonance  In  the  polymer  polymethylmeth¬ 
acrylate,  which  was  exposed  to  x-rays.  A  large-scale  study  of  Irradi¬ 
ated  substances  began,  however,  only  In  1955* 

It  was  found  that  many  substances  (ethyl  Iodide,  benzylamlne , 
benzyl  chloride,  and  others),  dissolved  In  a  suitable  mlxtxire  of  hy¬ 
drocarbons  (the  most  suitable  one  tiarns  out  to  be  a  mixture  consisting 
of  5  parts  of  ether,  5  parts  of  Isopentane,  and  2  parts  of  ethanol*) 
and  vitrified  by  deep  freezing,  produce  after  exposure  to  ultraviolet 
a  paramagnetic  resonance  spectriim  [8l].  An  analogous  effect  was  ob¬ 
served  also  In  high -temperature  organic  glasses  [82],  It  turned  out 
further  that  along  with  the  primary  radicals,  arising  as  a  result  of 
direct  action  of  the  ultraviolet  quantum,  secondary  radicals  are  pro¬ 
duced  as  a  result  of  Interaction  between  the  primary  radicals  and  the 
solvent  [83].  It  thus  tvirned  out  to  be  possible  to  obtain  paramagnetic 
resonance  spectra  from  radicals  of  substances  on  which  ultraviolet 
does  not  act  directly.  A  particularly  successful  converter  for  radicals 
v/as  hydrogen  peroxide,  which  produced  the  radicals  OH  upon  Irradiation 
with  ultraviolet. 

From  the  hyperflne  structure  of  the  spectrum  It  Is  possible  to 
establish  the  nature  of  the  secondary  radicals.  Thus,  In  the  vitreous 
solution  of  hydrogen  peroxide  in  alcohol  (CH2)2HC0H,  a  spectrum  of  cer¬ 
tain  lines  from  six  protons  was  observed  after  Irradiation;  It  obvi- 
ously  belongs  to  the  radical  (CH2)2C0H. 

The  widths  of  the  lines  in  solid  and  vitreous  systems  containing 
free  radicals  is  larger  than  in  liquid  solutions,  in  view  of  the  ab¬ 
sence  of  the  narrowing  due  to  the  Brownian  motion.  However,  the  width 
observed  in  glasses  is  nonetheless  smaller  than  that  expected  for  the 
true  solid-state  arrangement  of  the  atoms.  This  can  be  attributed  to 
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the  Internal  rotation  of  the  protons  in  the  molecules  of  the  free  rad¬ 
icals,  which  remain  also  at  low  temperatures  [84]. 

In  this  connection.  It  Is  of  Interest  to  Investigate  the  depend¬ 
ence  of  the  secondary  spectra  on  the  temperature  of  the  vitreous  sys¬ 
tem.  This  Investigation  yields  Information  on  Internal  motion  In  the 
glass,  and  sometimes  makes  It  possible  to  separate  the  effects  due  to 
Individual  radicals  from  the  mixed  spectrum,  because  the  dependence  of 
the  line  width  on  the  temperature  is  not  the  same  In  different  radi¬ 
cals.  In  particular.  It  was  shown  In  [84]  that  the  secondary  radicals 

•  •  • 
In  a  solution  of  HgO^  In  methanol  are  CHgOH  and  the  blradlcal 

Let  us  proceed  to  discuss  the  results  obtained  by  Irradiation 
with  x-rays  and  y-rays.  The  spectrum  of  polymethylmethacrylate  ob¬ 
tained  In  1951  [80]  Is  so  complicated  that  it  took  7  years  to  Inter¬ 
pret  [85].  It  turned  out  to  be  due  to  a  radical  of  the  type  R-CHg  — 

-  C(CH2)(C00CH2).  It  Is  easier  to  interpret  the  spectra  of  x-lrradlated 

» 

amino  acids.  Thus,  a  triplet  due  to  the  radical  CHg  [86]  was  observed 
In  glycine.  Anisotropy  of  the  spectrum  In  an  Irradiated  single  crys¬ 
tal  of  glycine  was  reported  In  [87]. 

An  Investigation  of  7-lrradlated  paraffin  hydrocarbons  [88,  89] 
has  shown  that  In  the  case  when  the  carbon  chain  does  not  contain  too 
large  a  nixmber  of  atoms,  the  spectrum  has  one  central  component  of  max- 
Imxrni  Intensity,  and  higher  molecular  radicals  of  this  type  have  two 
components.  This  is  evidence  that  In  the  former  case  the  number  of 
equivalent  protons  closest  to  free  valency  Is  even,  and  In  the  latter 
case  it  is  odd.  One  can  assume  therefore  that  In  hydrocarbons  with  a 
short  chain  one  obtains  essentially  radicals  of  the  type  CHg— CHg— . . . , 
while  In  high-molecular  ones  one  obtains  the  type  . . CHg-CH-CH-. . . . 

The  simplest  of  the  hydrocarbons,  methane,  produces  at  20.4°K  upon-Y- 
Irradlation  a  paramagnetic  resonance  spectrum  [90]  consisting  of  four 
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components  with  Intensity  ratio  1:3:35 which  agrees  with  expectation 
for  the  radical  CH^. 

Thus,  paramagnetic  resonance  makes  It  possible  to  establish  the 
nature  of  the  radicals  that  form  upon  Irradiation  of  solid  organic 
substances.  We  mention  here  still  other  work  on  paramagnetic  resonance 
In  substances  Irradiated  with  x-rays  and  y-rays.  The  following  were 
Investigated  In  [91]:  methyl  alcohol,  which  produces  three  hyperflne 
components;  ethyl  alcohol  (five  components);  acetamide  (three  compo¬ 
nents);  proplonamlde  (five  components);  acetanilide  (three  components), 
and  sodium  methoxlde  (three  components).  Spectra  of  dlmethyl-Hg  (five 
components)  and  dlethyl-Hg  (three  components)  were  obtained  In  [86]. 
Reference  [9^]  reports  an  Investigation  of  glycine  (three  components); 
alanine  (five  components);  valine  (complex  spectrum);  leucine  (two 
groups  of  five  or  more  lines);  Isoleuclne  (without  resolved  structure); 
cysteine  (asymmetrical  structui-e  with  four  components);  glycolic  acid 
(tvro  components);  and  glycocyanlne  (two  components).  There  Is  no  doubt 
that  further  systematic  study  of  the  Influence  of  Irradiation  will 
continue  [93 ]•  It  Is  of  particular  Importance  to  the  Investigation  of 
polymers,  to  the  analysis  of  which  we  now  proceed. 

2.  As  Is  well  known  from  chemical  considerations,  polymerization 
of  molecules  frequently  proceeds  via  free  radicals.  However,  a  study 
of  the  kinetics  Itself  of  this  process  with  the  aid  of  paramagnetic 
resonance  Is  difficult  because  of  the  low  concentration  of  the  free 
radicals.  We  therefore  confine  ourselves  to  a  determination  of  the 
free  radicals,  which  form  on  the  ends  of  the  growing  polymer  chains 
and  which  are  fixed  In  the  substance  for  sterlc  reasons.  This  "freez¬ 
ing"  takes  place  when  the  polymer  has  already  become  partially  polym¬ 
erized  to  form  a  gel  or  when  the  polymer  Is  Insoluble  In  the  monomer 
and  precipitates  around  the  growing  chains. 


The  first  investigation  of  this  type  pertained  to  polyvinyl  gels 
[94].  The  spectrum  observed  In  glycoldimethacrylate  consisted  of  two 
partially  overlapping  groups,  containing  five  and  four  lines;  the  spec¬ 
trum  turned  out  to  be  Independent  of  the  Initiator  of  the  polymeriza¬ 
tion  and  identical  with  the  spectrum  of  Irradiated  polymethylmethac¬ 
rylate.  Both  groups  were  recognized  to  belong  to  one  radical 

COOR 

I 

— CH»-C- 
I 

CH, 

as  a  result  of  superconjvigatlon  of  the  p^  orbit  of  the  C  atom  with  15 
orbits  of  the  protons  from  the  CH^  and  CH^  groups  [85]. 

In  addition  to  Investigating  free  radicals  "frozen"  In  gels  or  In 
polymer  precipitates,  the  determination  of  radicals  arising  In  ready 
polymers  upon  Irradiation  Is  used.  An  Interesting  example  of  such  re¬ 
search  Is  work  on  7-lrradlated  frozen  (77°K)  teflon  [95].  After  freez¬ 
ing  with  the  access  of  air  prevented,  a  spectrum  of  11  lines  was  ob¬ 
tained;  10  of  these  form  two  partially  overlapping  groups  of  five 

» 

lines  each  and  are  due  to  the  radical  . .  .-CPg-CP-CPg—. . . ,  In  which  the 
IQ 

central  ^P  nucleus  produces  the  principal  doublet  splitting,  and  the 
four  more  remote  fluorine  nuclei  split  each  line  of  the  doublet  Into  a 
quintuplet.  The  eleventh  line  Is  connected  with  the  peroxide  radical 
— (jj-OO,  Inasmuch  as  action  of  the  oxygen  In  the  air  on  the  Irradiated 
teflon  converts  the  entire  spectrxim  Into  a  single  asymmetrical  line 
which  coincides  in  position  with  the  eleventh  line  of  the  oxygen-free 
spectrvm  [95,  96].  The  asymmetry  of  the  line  Is  connected  with  the 
great  localization  of  the  unpaired  electron  on  the  oxygen. 

In  addition  to  the  foregoing  case.  Irradiation  was  used  to  Inves¬ 
tigate  the  paramagnetic  resonance  spectra  of  the  following  polymers; 
polymethacryllc  acid,  polyethylmethacrylate  [97],  polymethylchloracryl- 
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ate,  polyacrylic  acid,  polyvinyl  alcohol,  hydrolyzed  polyvinyl  acetate, 
polystyrol,  polythene,  nylon,  and  polyacrylonitrile  [98]. 

The  method  of  "freezing"  In  gels  or  In  precipitates  was  used  to 
Investigate  the  free  radicals  obtained  on  polymerization  of  the  fol¬ 
lowing  monomers:  aery lonltrllci  methacrylonltrll^  vinyl  bromide  [85]; 
acrylic  acid  [1],  methylmethacrylate  [94],  and  a  few  other  polymers. 

The  change  In  concentration  of  free  radicals  dvirlng  the  course  of 
polymerization  was  Investigated  with  copolymerization  of  methylmethac¬ 
rylate  and  glycol  dimethacrylate  as  an  example  [99].  The  action  of  In¬ 
hibitors  on  the  polymerization  process  was  Investigated  In  [100]. 

3.  A  rather  unexpected  discovery  was  the  large  resonance  effect 
In  carbonized  organic  substances,  discovered  Independently  In  [101-103 ]. 

In  low-temperature  pyrolysis  products,  the  ^  factor  of  the  only 

observed  line  Is  very  close  to  2.0023,  and  the  line  width  fluctuates 

from  1  to  100  oersted.  The  Intensity  of  the  effect  corresponds  to  be- 
20 

tween  0  and  10  paramagnetic  centers  per  gram  of  substance,  and  In¬ 
creases  rapidly  with  Increasing  carbon  content  from  80  to  94$^  [104]. 
X-ray  diffraction  Investigations  have  shown  that  It  Is  precisely  In 
this  region  of  concentrations  that  the  formation  of  large  groups  of 
carbon  rings  (from  four  rings  upward)  begins.  It  Is  noted  that  the 
spin-lattice  relaxation  time  also  shortens  with  Increasing  concentra¬ 
tion  of  the  free  carbon  [105].  The  shortest  times  T^^,  on  the  order  of 
10“'^  sec,  are  found  In  coal  of  the  anthracite  type  [I06,  107],  which 
gives  rather  narrow  lines  (6H  from  0.7  to  0.3  oersted)  and  with  strong 
exchange  effect  (T^  »  Tg). 

The  disorganized  ring  structvire  and  the  arbitrary  arrangement  of 
the  carbon  rings  apparently  weaken  the  exchange  and  lengthen  the  spin- 
lattice  relaxation  time  In  carbonlike  substances  with  small  contents 
of  free  carbon.  The  properties  of  the  paramagnetic  resonance  line 
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change  also  with  the  temperature  of  the  carbonization:  the  line  Inten¬ 
sity  Increases  with  Increasing  temperature  from  approximately  350  to 
approximately  550°C  [108].  This  Is  the  temperature  Interval  In  which 
the  volatile  pyrolysis  products  are  removed  and  a  ring  carbon  struc¬ 
ture  begins  to  arise.  Above  about  600°C,  a  sharp  decrease  In  the  Inten¬ 
sity  of  the  effect  begins.  A  decrease  In  Intensity  Is  observed  also  If 
the  concentration  of  the  free  carbon  In  the  specimen  Is  higher  than 
9^^.  The  last  two  clrcimistances  are  apparently  connected  with  the 
graphltlzatlon  of  the  specimens,  on  which  multilayer  three-dimensional 
ring  structiares  are  produced,  and  this  can  lead  to  a  partial  pairing 
of  the  free  electrons  and  consequently  to  a  weakening  of  the  psiramag- 
netlc  resonance. 

The  Intensity  of  the  effect  Increases  sharply  upon  removal  of  ox¬ 
ygen  of  the  air  by  pumping.  The  effect  of  the  oxygen  Is  reversible 
[109,  110,  106].  One  can  propose  two  possible  mechanisms  for  the  ac¬ 
tion  of  Og  or  other  paramagnetic  gases  (In  particular,  for  example, 

NOg  [106]),  which  Influence  the  effect  In  complete  analogy  with  oxygen. 

The  first  type  of  mechanism  Is  purely  physical;  It  consists  of 
the  perturbation  of  the  energy  of  the  unpaired  electron  by  the  motion 
of  the  blradlcal  molecule  of  the  adsorbed  Og  relative  to  the  electron, 
or,  to  the  contrary,  by  the  motion  of  the  electron  relative  to  the  sta¬ 
tionary  fixed  Og  molecule.  As  a  result  of  this  perturbation,  the  life¬ 
time  of  the  excited  state  of  the  electron  should  become  shorter,  that 
Is,  the  spin-lattice  relaxation  time  T-j,  becomes  shorter.  In  this  mech¬ 
anism  the  number  of  paramagnetic  centers  In  the  Irradiated  substance, 
and  consequently  the  area  under  the  resonance  absorption  curve,  should 
remain  constant  with  Increasing  width  6H. 

The  other  possible  explanation  has  a  chemical  character.  One  can 
assume  that  some  very  weak  "quaslchemlcal"  bonds  [1]  (weak  because  they 
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break  when  the  oxygen  is  pumped  out)  are  produced  between  the  oxygen 
and  the  carbon,  such  that  the  spin  of  the  uncompensated  electron  loses 
its  effectiveness,  becoming  "paired”  with  one  of  the  spins  of  the  Og 
molecules.  The  remaining  unpaired  second  electron  of  Og  should  be 
strongly  localized  on  the  oxygen  atom  and  should  therefore  result  In  a 
strongly  Isotropic  and  broad  line,  which  is  consequently  unobservable. 

In  such  a  mechanism,  the  area  under  the  resonance  curve  should  decrease. 
It  was  shown  In  [111]  that  It  Is  possible  to  select  carbon  specimens 
In  which  the  action  of  the  oxygen  follows  either  the  first  or  the  sec¬ 
ond  mechanism. 

Many  Investigations  devoted  to  the  Influence  of  the  chemical  proc¬ 
essing  of  carbons  has  shown  that  In  general  paramagnetic  resonance  In 
carbon  is  not  connected  with  any  separate  chemical  group,  and  Is  due 
to  the  presence  of  uncompensated  and  strongly  delocalized  electrons  In 
condensed  carbon  rings  as  a  whole  [1].  The  paramagnetic  centers  are 
the  result  of  a  break  In  the  bonds  on  the  edges  of  the  condensed  rings, 
leading  for  the  most  part  only  to  a  growth  In  the  ring  structure,  but 
which  In  Individual  cases  can  enswe  also  the  appearance  of  uncompen¬ 
sated  spins;  another  possibility  of  spin  decompensation  lies  In  Imper¬ 
fections  of  the  ring  structures:  the  presence  of  Individual  flve-or 
seven -member  rings  should  lead  to  the  appearance  of  trlvalent  carbon 
atoms.  The  electron  of  the  "broken  bond"  should  have  a  tt  orbit  (which 
guarantees  the  possibility  of  rather  strong  delocalization)  with  ad¬ 
mixture  of  the  a  state.  The  presence  of  very  large  exchange  In  the  ma¬ 
jority  of  the  Investigated  carbons  [106]  shows  that  the  electron  clouds 
of  the  neighboring  ring  formations  overlap  In  noticeable  fashion. 

In  graphite  and  other  high  temperatxa?e  carbons  obtained  at  t  > 

>  l400°C,  paramagnetic  resonance  was  also  observed  [112].  It  is  due 
not  to  the  conduction  electrons,  as  was  Initially  ass\«ned,  but  to  de- 
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fects  In  the  graphite  lattice  [113 ]•  The  unpaired  electrons  have  In 
this  case  a  much  more  strongly  localized  a  orbit.  No  resonance  was  ob¬ 
served  In  carbons  obtained  In  the  temperature  Interval  1000-l400®C. 

A  very  Important  role  can  be  played  In  future  by  research  on  para¬ 
magnetic  resonance  In  various  blacks.  These  apparently  represent  a  mix¬ 
ture  of  high  and  low  temperature  carbons,  since  they  are  produced  by 
very  rapid  heating  at  1000-1700°C.  Their  spectrum,  however,  Is  near  to 
low  temperature  carbons;  In  particular.  It  turns  out  to  be  quite  sen¬ 
sitive  to  oxygen,  whereas  paramagnetic  resonance  in  graphite  Is  not 
affected  by  oxygen.  The  presence  In  blacks  of  unpaired  electrons  on  de¬ 
localized  TT  orbits  should  undoubtedly  play  a  role  In  the  reinforcing 
action  of  black  Introduced  into  rubber  as  a  filler  [1]. 

We  note  that  paramagnetic  resonance  was  observed  in  several  tar- 
llkie  substances  (asphalt,  carbolite,  etc.)  and  in  petroleum  oil  [106]. 

4.  A  unique  type  of  organic  paramagnet  Is  a  blradlcal,  namely  a 
molecule  containing  not  one  but  two  unpaired  electrons.  Among  the  bl- 
radlcals  one  can  distinguish  a  whole  gamut  of  substances,  starting 
with  those  In  which  the  conditions  brought  about  by  the  construction 
of  the  molecule  cause  the  spins  of  both  unpaired  electrons  to  be  sep¬ 
arated  from  each  other  and  not  to  add  up  to  unity  spin,  and  ending 
with  such  In  which  the  spins  Interact  quite  strongly.  The  most  reliable 
results  on  paramagnetic  resonance  were  obtained  for  biradlcals  with 
noninteracting  spins.  These  are,  for  example,  4,4'-polymethylene-bls- 
trlphenylmethyl  biradlcals  and  para-substltuted  polyphenols,  obtained 
in  [Il4].  All  g  factors  of  these  substances  are  very  close  to  2.0023, 
thus  evidencing  that  the  bond  between  the  spins  is  practically  nonex¬ 
istent.  The  character  of  their  spectrum,  however.  Is  the  same  as  In 
monoradicals  but  naturally  with  twice  the  Intensity  per  molecule. 

Among  the  substances  In  which  there  are  no  groiinds  for  assuming 
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the  coupling  between  the  molecule  spins  to  be  negligibly  small,  para¬ 
magnetic  resonance  was  observed  in  the  so-called  Chlchlbabln  hydrocar¬ 
bon  [115] 

‘=0=0=' 


Ox 


/O 

^o’ 


which  should  have  the  following  structure  in  the  excited  triplet  state: 


Ox. 
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The  observed  resonance  signal  corresponded  to  4^  of  the  triplet 
state.  In  Ingram's  opinion  [1],  one  has  no  firm  assvirance  that  this 
signal  was  not  due  to  some  paramagnetic  Impurity.  On  the  basis  of  sev¬ 
eral  negative  results  on  paramagnetic  resonance,  obtained  on  optical 
excitation  of  the  molecule  to  the  triplet  state,  he  believes  that 
these  molecules  have  a  very  powerful  relaxation  mechanism  which  leads 
to  so  strong  a  line  broadening  that  the  lines  become  unobservable. 

However,  in  addition  to  Chlchlbabln 's  hydrocarbon,  there  are  many 
other  compoxuids  In  which  one  cein  assume  the  presence  of  excited  trip¬ 
let  states  €ind  which  display  paramagnetic  resonance.  These,  In  particu¬ 
lar,  are  the  two  highly  conJi::gate  systems:  l,9-bls(2  furyl)-5  oxo- 
1^3i6,8-nonatetraene  and  l,9-diphenyl-5  oxo-1,3,6, 8-nonatetraene,  In 
which  the  weak  resonance  effect  was  noted  In  [116]. 

Further,  many  solid  molecular  compounds  between  various  phenylene- 
dlamlnes  and  hallde-substltuted  qulnones.  Investigated  by  Blyl,  Kalner, 
and  Rose-Innes  [149],  also  displayed  paramagnetic  resonance.  Its  oc¬ 
currence  was  Interpreted  as  the  result  of  the  formation  of  blradlcal 
Ionic  molecules  due  to  the  transfer  of  an  electron  from  the  donors 
(phenylenedlamlne)  to  the  acceptors  (qulnone).  Finally,  paramagnetic 
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resonance  In  such  compounds  as  heated  hlanthrone  (g  =  2.OO36;  AH  =  10 
oersted)  [29],  vlolanthrene  (g  =  2.00;  AH  =  26  oersted)  [31 and  vlo- 
lanthrone  (g  =  2.00;  AH  =  30  oersted)  [31]  could  hardly  be  assigned, 
without  stretching  the  point,  to  any  other  factor  except  the  presence 
In  these  compounds  of  a  certain  fraction  of  molecules  In  the  triplet 
state. 

5.  To  conclude  this  section,  we  mention  Investigations  of  para¬ 
magnetic  resonance  In  biological  objects,  which  tindoubtedly  have  a 
great  future  and  which  already  now  have  yielded  Interesting  results. 

Thus,  In  [117]  there  were  Investigated  three  radicals  which  are  the 
Intermediate  products  In  the  oxidation-reduction  processes  that  occur 
with  adrenaline,  vitamin  K,  and  other  biologically  Important  substances. 
In  [118]  free  radicals  were  observed  In  lyophillzed  tissues  and  liq¬ 
uids  of  animals  and  vegetables,  belonging  to  the  albumins.  In  [119]  an 
investigation  was  made  of  the  time  dependence  of  the  concentration  of 
free  radicals  upon  Illumination  of  an  aqueous  suspension  of  chloro- 
plasts  and  of  the  decrease  In  this  concentration  after  turning  off  the 
lllvunlnatlon.  Of  great  Interest  to  biology  are  also  Investigations  of 
Iron  In  hemln,  methemoglobln,  and  their  derivatives,  results  of  which 
are  listed  In  the  tables  of  Chapter  4  of  the  present  book. 

Particularly  Interesting  are  the  Investigations  of  Bljaunenfel 'd 
and  his  coworkers,  devoted  to  questions  of  paramagnetic  resonance  In 
Irradiated  and  nonlrradlated  albimilns,  and  also  in  compounds  of  albu¬ 
mins  with  ribonucleic  acids  [120-123].  Since  we  cannot  stop  to  de¬ 
tail  these  Investigations,  we  must  note  that  they  vuicover  entirely  new 
prospects  with  respect  to  many  problems  In  theoretical  biology,  and 
particularly  perhaps  with  respect  to  the  question  of  the  nature  of  In¬ 
heritance  . 

We  point  out,  finally,  that  an  attempt  was  made  [1]  to  establish 
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a  correlation  between  the  content  of  free  radicals  In  tissues  and  the 
growth  of  cancerous  cells.  This  attempt,  however,  has  not  led  to  any 
success. 

§7.5.  Inorganic  Free  Radicals.  Paramagnetic  Gases 

So  far  we  have  considered  organic  substances  with  radlcal-llke 
character.  The  class  of  Inorganic  radicals  Is  much  less  rich,  but  In 
It  we  Include  ,  alongside  with  a  small  number  of  stable  radicals,  also 
several  unstable  ones,  which  are  produced  In  discharges,  upon  Irradia¬ 
tion,  during  the  course  of  chemical  reactions,  etc.  Among  these  radi¬ 
cals  there  are  some  that  are  very  Important  from  the  chemical  point  of 
view.  One  can  classify  arbitrarily  as  free  radicals  various  atomic 
substances.  A  class  of  free  radicals  which  Is  unique  In  the  character 
of  Its  spectra  Is  made  up  of  paramagnetic  gases.  We  shall  consider 
briefly  In  this  section  first  free  Inorganic  radicals  In  condensed 
phases  and  then  paramagnetic  gases. 

1.  The  spectrum  of  atomic  hydrogen  obtained  upon  y- Irradiation  of 
the  acids  HgSOj^,  HClOj^,  and  frozen  at  77°K  turned  out  to  be  a 

doublet  with  splitting  A'  =  500  oersted  and  with  g  =  2.00  [124,  125]. 
The  maximum  Intensity  of  the  effect  In  HgSO;^  was  observed  at  a  ratio 
HgSO^iHgO  =1:5;  further  dilution  weakens  the  effect,  which  disappears 
In  pure  Ice.  These  meas\u?ements  were  made  In  the  centimeter  wavelength 
band.  At  low  frequencies  (350  megacycles)  an  effect  due  to  atomic  hy¬ 
drogen  In  pure  Ice  was  observed  with  A'  =  30  oersted  [126].  The  appear¬ 
ance  of  this  resonance  In  weak  fields  H  only  can  be  attributed  appa¬ 
rently  to  the  large  anisotropy  of  the  £  factor  for  "atomic"  hydrogen, 
observed  In  pure  Ice.  The  effects  of  atomic  hydrogen  and  deuterlvim  In 
frozen  systems  were  observed  In  [127,  128]. 

The  radical  products  produced  upon  discharge  In  water  vapor  and 
condensed  at  77°K  were  Investigated  In  [129].  The  authors  observed  one 
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line  with  g  =  2.0085  and  with  weakly  pronounced  Inflection  correspond¬ 
ing  to  g  =  2.027.  Upon  heating  to  138°K,  the  resonance  disappeared. 
Analogous  results  were  obtained  with  DgO  and  HgOg.  In  [130],  In  an  In¬ 
vestigation  of  the  products  produced  at  low  temperatvire  from  vapors  of 
^2^2’  ^2^  dissociated  In  a  glow  discharge,  one  line  was  like¬ 

wise  obtained  with  a  weak  additional  maximum  on  one  of  Its  skirts. 

This  majcimum  was  Interpreted  by  the  authors  of  [I30]  not  as  an  Indica¬ 
tion  of  the  presence  of  a  second  radical,  but  as  a  consequence  of  the 

anisotropy  of  the  ^  factor.  The  observed  effect  was  ascribed  on  the 

•  • 

basis  of  chemical  considerations  to  the  radical  HOg,  and  not  OH. 

Irradiated  nitrates  of  several  salts  gave  a  spectrum  ascribed  to 
NOg  and  consisting  of  a  triplet  with  A'  =  50  oersted  [131,  132]. 

Among  the  stable  Inorganic  radicals,  mention  should  be  made  of 
the  peroxides  and  ozonates  of  alkali  metals  (of  the  type  MeOg  and  MeO^, 
respectively) .  In  the  former  the  spectrum  Is  due  to  the  radical  Ion 
Og,  and  consists  of  one  asymmetrical  line  with  g„  =  2.157  and  g  = 

=  2.002  [133]*  In  ozonates  (NaO^  and  KO^)  the  line  ttirned  out  to  be 
somewhat  more  symmetrical:  g^j  =  2.003,  g^^  =  2.015  [134].  Dlthlonate  of 
sodium.  In  which  the  resonance  Is  apparently  due  to  the  SOg  Ions,  gave 
a  line  with  g  =  2.01  and  AH  =  12  oersted  [135]. 

Investigations  of  chlorine  dioxide  (ClOg)  were  already  mentioned 
earlier  (see  page  368)  [12]. 

Let  us  mention,  finally,  the  Inorganic  radical  Ion  [(S02)gN0]^", 

the  Investigation  of  which  In  solution  has  been  the  subject  of  several 

papers.  It  gives  a  triplet  plctvtre,  due  to  the  Interaction  between  the 

l4 

\inpalred  electron  and  the  spin  of  the  N  nucleus.  The  energy  levels 
of  the  system.  In  Investigations  In  weak  fields,  agree  well  with  the 
Brelt  and  Rabl  formulas  for  the  case  1=1,  S  =  1/2,  as  was  shown  In 
[135].  The  mechanism  of  paramagnetic  relaxation  In  solutions  contain- 


Ing  the  [(S0.3)pN0]^“  Ion  was  analyzed  In  detail  by  Lloyd  and  Paloe 

[136]. 

2.  Diatomic  and  polyatomic  molecules  of  certain  gases  are,  in  ac¬ 
cordance  with  the  definition  given  at  the  beginning  of  this  chapter, 
free  radicals,  inasmuch  as  they  contain  uncompensated  electron  spins. 
These  gases  Include,  In  particular,  Og,  NO,  NOg,  ClOg,  and  also  vapors 
of  some  paramagnetic  compounds.  In  addition  to  such  stable  gaseous 

free  radicals,  there  is  also  a  large  number  of  unstable  substances  of 

•  • 

radlcal-llke  nature,  existing  in  a  gaseous  medium,  for  example  OH, 

etc.,  the  Investigation  of  which  were  discussed  above  for  the  case 
when  they  enter  In  the  condensed  phases. 

Paramagnetic  gases  differ  from  the  paramagnets  considered  above 
In  the  strong  coupling  between  the  magnetic  moment  of  the  unpaired 
electron  and  the  moments  of  the  rotational  motions  of  the  molecule. 
Consequently  the  system  of  levels  observed  In  the  investigation  of 
paramagnetic  resonance  In  gases  turns  out  to  be  quite  complicated. 

The  resolution  of  the  spectral  lines  of  paramagnetic  resonance  In 
gases  can  be  observed  only  at  reduced  pressures  £.  When  p  >  20  mm  Hg, 
the  resolved  lines  are  not  observed  In  even  a  single  case;  actvially, 
the  pressure  employed  usually  does  not  exceed  1  mm  Hg.  This  brings 
about  (considering  the  large  number  of  spectral  lines)  difficulties  In 
the  experimental  work  with  gases,  which  calls  for  Installations  of 
high  sensitivity;  the  greater  part  of  the  research  In  this  direction 
was  carried  out  by  Beringer  and  Castle. 

From  among  the  Investigated  gases,  the  one  with  the  weakest  coup¬ 
ling  between  electron  spin  and  the  rotation  of  the  molecule  Is  nitrogen 
dioxide  NOg.  At  a  pressure  p  =  10  mm  Hg,  a  triplet  structure  Is  ob¬ 
served,  due  to  the  nitrogen  nucleus;  at  p  =  1  mm  Hg,  It  begins  to  be 
resolved  Into  a  large  number  of  components;  this  was  Interpreted  by 
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Berlnger  and  Castle  as  the  Paschen-Back  effect  of  free  magnetic  moments 
of  the  molecule:  the  electron  spin  moment,  the  nuclear  spin  moment, 
and  the  moment  due  to  the  rotation  of  the  molecule.  The  level  system 
can  be  described  by  the  expression 

HMs-}-  (7*2) 

where  Mj  Is  the  rotational  quantxmi  number  of  the  molecule.  It  was  Im¬ 
possible  to  attain  full  resolution  of  the  Indlvldml  components  [137i 
138]. 

The  NO  molecule  contains  one  unpaired  electron  and  Its  groimd 
2 

state  Is  n.  It  Is  split  by  the  spln-orblt  couplln*.  Into  two  doublet 

levels  with  distance  120  cm”  between  them;  of  these,  the  lower  level 
2 

^1/2  diamagnetic,  since  Its  projections  of  the  spin  and  orbital 

2 

momenta  along  the  axis  are  equal  and  opposite;  the  upper  level, 

Is  paramagnetic.  It  splits  further  Into  several  components  because  of 
the  Interaction  with  the  rotation.  The  resultant  states  are  character¬ 
ized  by  the  total  angular  momentum  J.  The  momentum  J  =  3/2  corresponds 
to  g  =  4/5;  this  sublevel,  split  by  the  external  magnetic  field  H  Into 

a  fine  structure  triplet,  was  Indeed  observed  In  [139]*  Each  peak  of 

l4 

the  triplet  has  In  tvirn  a  triplet  hyperflne  splitting  due  to  the  N 
nucleus.  The  theory  of  the  Zeeman  effect  In  NO  was  presented  In  [l4o]. 

The  Og  molecule  Is  a  blradlcal;  It  contains  two  unpaired  elec¬ 
trons  with  parallel  spins,  while  Its  angular  moment  along  the  axis  Is 
zero.  Its  ground  state  Is  therefore  Its  orbital  momentum  combines 
with  the  spin  momentum,  producing  levels  corresponding  to  J  =  K,  K  +  1, 
where  K  Is  the  quantxun  number  of  the  total  orbital  angular  momentvim 
(molecular  +  electronic).  The  levels  K  +  1  are  practically  degenerate 
and  are  2  cm“^  away  from  the  level  J  =  K.  Therefore  at  a  wavelength  of 
approximately  5  nun  one  can  observe  absorption  In  the  absence  of  an  ex¬ 
ternal  magnetic  field  H.  Superposition  of  the  field  H  leads  to  a  spllt- 
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ting  of  the  J  levels  and  to  the  possibility  of  observation  of  magnetic 
dipole  transitions  between  the  sublevels.  In  the  region  of  fields  H  » 

«  3000  oersted,  the  coupling  between  the  spin  and  orbital  motion  Is 
disrupted,  and  this  leads  to  the  appearance  of  a  large  number  (approx¬ 
imately  40)  of  resonance  lines,  due  to  the  rotational  levels.  These 
lines  were  described  In  [l4l].  The  theory  of  the  spectrum  was  presented 
In  [141-143]. 

In  addition  to  stable  paramagnetic  gases,  Berlnger  and  his  co¬ 
workers  Investigated  also  atomic  hydrogen  [l44],  oxygen  [145],  and 
nitrogen  [l46]  In  the  gaseous  phase.  They  used  for  this  purpose  a  high- 
voltage  gas  discharge  In  a  U-shaped  discharge  tube.  In  which  they 
placed  the  corresponding  molecular  gases.  This  tube  was  directly  con¬ 
nected  to  a  vertical  tube  passing  along  the  axis  of  a  cylindrical  cav¬ 
ity  In  the  mode.  Recombination  on  glass  was  prevented  as  far  as 
possible  by  using  suitable  anticatalysts. 

Delmielt  [14?]  proposed  to  add  to  the  Investigated  gas  (which  had 
a  partial  pressure  of  about  0.01-0.1  mm  Hg)  Inert  gases  at  pressure 
10-100  mm  Hg.  At  such  pressures  It  turns  out  to  be  possible  to  main¬ 
tain  a  high  arc  temperature  and  thus  dissociate  by  purely  thermal 
meeins  molecules  of  all  types.  In  addition,  the  Inert  gas  decreases  the 

possibility  of  recombination,  by  slowing  down  the  diffusion  to  the 

/4 

walls.  They  used  this  method  to  Investigate  atomic  phosphorus  (  So/p)* 
The  line  turned  out  to  be  a  hyperfine  doublet  with  A'  =  20  oersted. 
Another  method  was  used  In  [l48]  for  the  Investigation  of  atomic  Io¬ 
dine;  for  this  purpose  photodlssoclatlon  Induced  by  Irradiation  of  Ig 
vapor  directly  In  a  resonant  cavity  was  employed. 
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Chapter  8 

DOUBLE  RESONANCE.  CERTAIN  APPLICATIONS 
OP  PARAMAGNETIC  RESONANCE 

§8.1.  Introduction 

So  far  we  have  considered  resonant  absorption  of  an  alternating 
electromagnetic  field  of  one  fixed  frequency.  Yet  double  resonance, 
which  consists  of  simultaneous  resonant  absorption  of  electromagnetic 
radiation  at  two  different  frequencies,  has  found  a  variety  of  uses. 

We  consider  the  most  Important  examples  of  double  resonance:  l)  the 
Overhauser  effect  and  other  dynamic  methods  of  nuclear  polarization; 

2)  paramagnetic  amplifiers  and  3)  optical  Investigations  of  paramag¬ 
netic  resonance. 

In  the  Overhauser  effect  one  Investigates  simultaneously  electron 
and  nuclear  paramagnetic  resonance.  Therefore,  one  of  the  frequencies 
employed  lies  In  the  microwave  range  and  the  other  at  high  radio  fre¬ 
quencies.  An  Interesting  application  of  this  effect  Is  the  polariza¬ 
tion  of  atomic  nuclei. 

Paramagnetic  resonance  is  used  for  technical  purposes  to  build 
amplifiers  with  exceedingly  low  noise  level .  In  these  amplifiers  one 
uses  for  the  most  part  fields  with  two  different  frequencies,  lying  In 
the  microwave  band.  Radiation  at  one  frequency  Is  used  to  supply 
energy  to  the  working  medium;  the  other  frequency  pertains  to  the  sig¬ 
nal  to  be  amplified. 

In  many  investigations,  the  medium  studied  was  subjected  to  the 
simultaneous  resonant  action  of  radiation  at  optical  and  microwave 
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frequencies.  The  combination  of  optical  and  radio  research  methods 
turned  out  to  be  very  fruitful  and  within  a  short  time  it  yielded 
many  interesting  data  both  in  the  field  of  atomic  spectroscopy  and  on 
the  theory  of  atomic  collisions. 

§8.2.  Dynamic  Methods  of  Nuclear  Polarization 
I.  Overhauser  effect  in  metals  and  semiconductors 

Let  us  assume  that  the  substance  contains,  along  with  particles 
that  have  an  electron  magnetic  moment,  also  particles  that  have  a  non¬ 
zero  nuclear  moment.  In  a  particular  case,  the  electron  and  nuclear 
moments  can  pertain  to  one  and  the  same  atom.  In  many  cases  the 
mechanisms  of  electronic  and  nuclear  spin  lattice  relaxation  are  such 
that  the  saturation  of  the  electron  paramagnetic  resonance  leads  to 
considerable  polarization  of  the  nuclei.  This  effect  was  first  con¬ 
sidered  theoretically  by  Overhauser  [1]  for  metals. 

At  first  glance  the  Increase  in  nuclear  polarization  upon  satura¬ 
tion  of  electron  resonance  may  appear  paradoxical,  since  the  equaliza¬ 
tion  of  the  populations  of  the  different  energy  sublevels  of  the  spin 
system  means  an  increase  in  its  temperature.  But  an  Increase  in  tem¬ 
perature  should  cause  a  reduction  in  the  differences  in  population  of 
the  different  nuclear  Zeeman  sublevels.  This  paradox  is  resolved,  as 
indicated  in  particular  by  Van  Vleck  [2],  by  the  fact  that  in  our 
case  there  is  no  single  electron-nuclear  spin  system.  In  the  processes 
of  Interest  to  us  there  are  involved  three  weakly  Interacting  systems: 
the  K  system,  connected  with  the  kinetic  energy  of  the  conduction  elec¬ 
trons  of  the  metal;  the  Z  system,  the  energy  of  which  is  due  to  the 
interaction  between  the  electrons  and  the  external  static  magnetic 
field  (the  Zeeman  energy  of  electrons),  and  finally  the  N  system, 
which  Includes  the  Zeeman  energy  of  the  nuclei.  These  systems  can  have 
different  temperatures:  1^,  T^  and  Tj^. 
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Overhauser  [3]  has  shown  that  nuclear  spin-lattice  relaxation  in 
metals  is  due  essentially  to  the  interaction  between  the  moments  of 
the  nuclei  and  of  the  conduction  electrons: 

a  /  S  =  a(/ zSz-\-  ^t)>  ( 8  •  1 ) 

where 

= T  ( 8 .  ? ) 

Here  r  is  the  distance  from  the  conduction  electron  to  the  nucleus  and 
6(r)  is  the  delta  function.  The  interaction  (8.1)  has  a  contact  char¬ 
acter  and  is  isotropic,  from  which  we  see  that  the  sum  is  the 

Integral  of  the  motion.  Thus,  it  follows  from  the  law  of  conservation 
of  the  angular  momentum  that  under  the  influence  of  interaction  (8.1) 
the  following  transitions  are  possible: 

M,mA — (8.3) 
Reorientation  of  the  electron  spin  is  accompanied  by  a  reversal  of  the 
direction  of  the  nuclear  spin. 

It  must  be  kept  in  mind  that  the  electron  Zeeman  energy  E2  = 

=  gPHQM  is  approximately  10^  times  larger  in  absolute  magnitude  than 
the  nuclear  Zeeman  energy  Ejj  =-gjj0jjHQm* .  Consequently  simultaneous 
reorientation  of  the  electron  and  nuclear  spins  is  possible  if  the  K 
system,  into  which  the  excess  of  the  energy  released  goes,  participates 
in  this  process.  Assume  that  the  process  (8.3)  is  accompanied  by  a 
change  in  the  kinetic  energy  of  the  conduction  electrons 

It  then  follows  from  the  law  of  energy  conservation  that 

=  (8.4) 

We  denote  by  Nj^,  Nj^,  and  the  number  of  particles  per  unit  volume 
in  the  states  K,  M  and  m  respectively.  For  each  pair  of  interacting 
particles  the  probabilities  of  the  direct  and  Inverse  transitions 
(8.3)  are  the  same.  Therefore  the  number  of  direct  transitions  will 
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be  proportional  to  and  the  number  of  Inverse  transitions  pro¬ 
portional  to  Under  stationary  conditions  we  have 

NicNmN^= N/cNM-iNm+i  •  (8.5) 


Since 


it  follows  from  (8.5)  that 


J_  s? 

S/j9f/T2' 

Under  electronic  resonance  saturation  conditions  we  have 
recognize  in  addition  that  gP»  we  get 


(8.6) 


(8.7) 

00.  If  we 


Tn=Tx 


gN^N 

gP 


(8.8) 


Thus,  saturation  of  electron  resonance  reduces  the  temperature  of  the 
nuclear  Zeeman  system 
g3HQ«  kTj^,  we  obtain 


nuclear  Zeeman  system  by  a  factor  g^|“‘  Therefore,  if  we  assume  that 


AT, 


m+l 


gpw.' 

kTif  ■ 


(8.9) 


The  polarization  of  the  nuclei  proceeds  as  if  their  magnetic  moments 


were  to  increase  by 


SP 

®N^N 


times.  We  note  that  the  nuclear  g  factor  can 


be  both  positive  and  negative.  Accordingly,  the  temperature  of  the 
nuclear  Zeeman  system  can  assume  both  positive  and  negative  values. 

For  simplicity,  a  Boltzmann  distribution  was  used  in  the  derivation  of 
(8.9).  It  is  easy  to  verify  that  a  Fermi  distribution  leads  to  the 
same  result. 

Under  the  influence  of  the  radio  frequency  field  that  saturates 
the  electron  resonance,  transitions  are  produced  predominantly  from 
the  lower  electronic  Zeeman  level  to  the  upper  one.  The  relaxation 
transitions  of  the  electrons  occur  with  large  probability  in  the 
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opposite  direction,  and  consequently  a  stationary  mode  Is  established. 
Among  the  various  relaxation  mechanisms,  the  one  of  importance  to  the 
Overhauser  effect  is  that  based  on  the  electron-nuclear  interaction 
(8.1).  The  electrons  going  from  the  upper  Zeeman  level  to  the  lower 
one  will  continuously  flip  the  nuclear  spins  in  one  direction  or 
another.  The  nuclear  polarization  will  grow  until  the  number  of  transi¬ 
tions  M,  m  -►M  —  1,  m  +  1,  occurring  under  the  influence  of  the  given 
relaxation  mechanism  becomes  equal  to  the  number  of  inverse  transi¬ 
tions.  It  is  clear  therefore  that  with  increasing  difference  between 
Tjj  and  Tj^  the  number  of  transitions  contributing  to  the  equalization 
of  these  temperatures  will  also  increase.  The  Overhauser  effect  is  an 
irreversible  process  of  continuous  transition  of  the  electron  Zeeman 
energy  into  lattice  vibrations.  This  effect  can  therefore  be  readily 
interpreted  by  methods  of  thermodynamics  and  statistical  physics 
[4-9] j  it  can  serve  as  a  good  illustration  of  the  principal  premises 
of  these  theories.  For  the  general  theory  of  the  Overhauser  effect  it 
is  important  to  consider  the  relaxation  processes  in  two  spin  systems 
[10,  11],  that  is,  in  systems  containing  two  sorts  of  particles  having 
different  magnetic  moments. 

In  the  derivation  of  (8.9)  we  have  assumed  that  the  mechanism 
based  on  the  interaction  (8.1)  is  the  only  relaxation  mechanism  for 
the  nuclei.  The  relaxation  time  due  to  this  mechanism  will  be  denoted 
by  T'^.  Yet  there  are  also  other  spin-lattice  coupling  mechanisms.  If 
we  denote  the  total  spin- lattice  relaxation  time  by  T-^  and,  in  addi¬ 
tion,  take  into  account  the  fact  that  the  saturation  factor  q^g  of 
electron  resonance  can  differ  from  0,  we  obtain  in  place  of  (8.9) 


AT. 


ff. 


•  =  l 


m-fl 


*r. 


(8.10) 


This  formula  can  be  used  only  for  specimens  whose  linear  dimensions 
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d  are  small  compared  with  the  skin  layer  depth  6.  Azbel,  Gerasimenko 
and  Llfshlts  [12]  have  shown  that  the  Overhauser  method  makes  It  pos¬ 
sible  to  polarize  nuclei  In  specimens  for  which  d»  6.  The  point  Is 
that  the  mean  free  path  of  the  electron  In  the  metal  Is  much  shorter 
than  the  distance  covered  by  the  electron  between  two  such  collisions, 
which  change  the  spin  orientation.  There  exists  therefore  a  unique 
"anomalous  skin  effect"  for  the  magnetic  moment.  The  polarization  of 
nuclei  In  specimens  of  arbitrary  thickness  has  been  calculated  In  [12]. 

The  Increased  nuclear  polarization 
resulting  from  saturation  of  the  electron 
Zeeman  levels  should  change  the  line 
shape  of  the  electron  paramagnetic  reso¬ 
nance  [13]»  since  the  field  produced  by 
the  polarized  nuclei  will  be  superimposed 
on  the  external  magnetic  field. 

The  Overhauser  effect  was  first  In¬ 
vestigated  experimentally  In  lithium  [l4]. 
To  avoid  the  difficulties  connected  with 
simultaneous  utilization  of  a  resonant 
cavity  and  a  coll,  the  experiments  were 
set  up  at  relatively  low  frequencies,  13.4 
megacycles  and  7.96  kilocycles.  Figure  8.1  shows  a  photograph  in  which 
It  Is  seen  how  much  the  nuclear  resonance  signal  Is  amplified  as  a  re¬ 
sult  of  the  saturation  or  the  electron  resonance.  The  Overhauser 
effect  was  later  on  Investigated  In  detail  In  sodium  and  lithium  [13]* 
The  use  of  the  Overhauser  effect  to  Increase  nuclear  polarization 
was  extended  also  to  semiconductors,  which  offers  the  following  ad¬ 
vantages:  1)  the  poor  conductivity  eliminates  the  difficulties  con¬ 
nected  with  the  skin  effect  at  microwave  frequencies;  2)  owing  to  the 
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Pig.  8.1.  Overhauser 
effect  In  lithium  [l4]. 
In  the  upper  photograph, 
the  nuclear  resonance 
signal  is  lost  In  the 
noise.  Below,  the  same 
signal  Is  amplified  by 
saturation  of  electron 
resonance. 


small  number  of  conduction  electrons,  the  nuclear  relaxation  times  are 
very  large,  so  that  the  nuclear  polarization  effected  with  the  aid  of 
the  high  frequency  field  can  be  separated  both  in  space  and  in  time 
from  the  succeeding  experiments  on  the  observation  of  this  polarization 
with  the  aid  of  a  relatively  low-frequency  field. 

The  experiments  were  carried  out  with  silicon  crystals  doped  with 
phosphorus  [l6].  The  polarization  of  the  Sl^^  nuclei  was  retained  for 
several  minutes. 

It  must  be  noted  that  Honlg  [17]  drew  erroneous  conclusions  from 
his  experiments  on  electron  resonance  in  silicon  containing  arsenic 
impurities.  Measurements  have  shown  that  the  resonance  absorption  line 
has  four  hyperfine  components  in  accordance  with  the  value  3/3  of  the 
nuclear  spin  of  As'-^.  Upon  repeated  passage  through  one  end  of  the 

— t  /  T 

same  component,  the  absorption  decreases  exponentially  as  1  —  e  ' 
with  T  =  l6  sec.  If  one  goes  in  succession  through  two  neighboring  com¬ 
ponents  within  a  time  Interval  which  is  much  shorter  than  l6  seconds, 
hy  varying  the  field  Hq,  then  the  Intensity  of  the  second  peak  will 
strongly  Increase.  Honlg  assumed  at  first  that  he  had  discovered  a 
method  of  100  per  cent  polarization  of  nuclei  at  not  too  low  tempera¬ 
tures.  He  thought  that  the  transitions  between  the  electron  Zeeman 
sublevels,  excited  by  the  resonant  radio  frequency  field,  will  rapidly 
align  the  nuclear  spins  as  a  result  of  the  hyperfine  IS  Interaction. 

The  appropriate  calculations  were  made  by  Kaplan  [l8].  However,  later 
experiments  made  by  Honlg  and  Combrlsson  [19]  have  shown  that  the 

reason  lies  in  the  exceptionally  long  relaxation  time. 

2.  Overhauser  effect  in  nonmetals 

The  Overhauser  effect  can  occur  in  substances  which  are  not 
metals  or  semiconductors  [20-22].  Indeed,  for  the  effect  which  we  have 
been  considering  in  metals,  the  following  two  circumstances  are 


significant;  1)  one  of  the  mechanisms  whereby  the  electron  spins  are 
relaxed  is  based  on  their  coupling  with  the  nuclear  moments,  which 
calls  for  conservation  of  the  total  angular  momentum;  2)  this  coupling 
plays  a  decisive  role  in  the  relaxation  of  the  nuclear  spins;  3)  the 
possibility  of  conserving  the  energy  during  the  time  of  these  relaxa¬ 
tion  transitions  is  guaranteed  by  the  continuity  of  the  kinetic  energy 
spectrum  of  the  conduction  electrons;  4)  under  saturation  conditions, 
relaxation  transitions  from  the  upper  Zeeman  level  to  the  lower  one 
exceed  in  number  the  transitions  in  the  opposite  direction. 

Perfectly  analogous  conditions  exist  in  many  nonmetals:  l)  to  in¬ 
crease  nuclear  polarization  it  is  not  essential  to  conserve  the  sum 
of  the  electron  and  nuclear  spins;  it  is  merely  important  that  the 
probabilities  of  the  nuclear  spin  flips  m  -►m'  and  m  -*■— m'  be  unequal; 
2)  the  hyperflne  interactions  determine  the  nuclear  relaxation  not 
only  in  metals  but  in  many  other  substances;  3)  the  conservation  of 
energy  during  the  time  of  simultaneous  flip  of  electron  and  nuclear 
spins  can  be  guaranteed  by  transfer  of  the  excess  energy  to  the 
lattice  vibrations  in  solids  or  to  the  Brownian  motion  of  the  particles 
in  liquids  and  gases;  4)  if  the  lattice  is  in  the  state  of  thermody¬ 
namic  equilibrium,  then  the  a  priori  probabilities  of  the  relaxation 
transitions  from  the  upper  Zeeman  levels  to  the  lower  ones  will  always 
exceed  the  probabilities  of  the  inverse  transitions. 

Abragam  [23]  considered  in  detail  the  question  of  the  Overhauser 
effect  in  nonmetals  for  several  Important  cases.  He  made  the  following 
assumptions;  a)  the  nuclear  spin  is  I  =  1/2;  b)  the  external  magnetic 
field  is  strong,  so  that  one  can  speak  with  good  approximation  of  the 
quantum  numbers  of  the  projections  of  the  electron  and  nuclear  spins 
on  the  Hq  direction;  c)  there  is  no  direct  coupling  between  the 
nuclear  moments  and  the  lattice  vibrations;  nuclear  relaxation  is 
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realized  by  the  magnetic  interaction  of  the 
nuclear  and  electron  spins,  which  in  general 
case  has  the  form 

<£^i=JaS,  (8.11) 

where  a  is  a  symmetrical  tensor.  The  operator 
can  be  written  in  the  form 

<^i=~  gN^.wiiK  (8.12) 

where  h,  =  — (3/8jfPjj)^  can  be  called  the  mag¬ 
netic  field  produced  by  the  electron  at  the  location  of  the  nucleus. 
The  field  is  a  random  function  of  the  time  because  random  changes 

are  possible  both  in  the  tensor  a  and  in  the  direction  of  the  spin  S. 
We  shall  speak  of  relaxation  of  the  first  type  if  it  is  due  to  changes 
in  the  tensor  a,  brought  about  by  the  lattice  vibrations  in  solids  or 
by  Brownian  motion  in  liquids.  Responsible  for  the  relaxation  of  the 
second  type  are  electron  spin  flips  resulting  from  the  ordinary 
mechanisms  of  electron  spin-lattice  interaction,  independent  of  the 
coupling  with  the  nuclear  moments. 

We  denote  the  states  (M  =  1/2,  m  =  1/2),  (—1/2,  l/2),(l/2,  —1/2), 
(—1/2,  —1/2)  by  a',  a,  b',  b  (Pig.  8.2),  the  summary  population  of  the 
levels  a  and  a'  by  N^,  and  that  of  levels  b  and  b’  by  N_.  In  addition, 
we  Introduce  the  probabilities  of  the  relaxation  transitions  between 
the  different  electron  sublevels: 

Aaa’ Aty  =  Ae~’^  A  {I — •),  ) 

Aa;^Ayt=A(\-\-t),  ,  =  (8.13) 

For  the  probabilities  of  the  other  relaxation  transitions  we  assume 

<4(1*  (Sa =  \ 

—  0.  [  (8.14) 

Aa  t  4-*).  —  »).  1 

If  the  electron  transitions  a  -♦a*  and  b  “♦b'  are  saturated  by  a 
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Pig.  8.2.  Energy 
level  scheme  in  the 
case  S  =  1/2,  I  = 

=  1/2. 


radio  frequency  field,  then,  as  shown  by  Abragam,  the  nuclear  polari¬ 
zation  is  determined  by  the  following  expression; 


‘1* 

nS 


;  1 - : 


2.(X.-X,) 


(8.15) 


2X|  X,  X, 

Let  us  consider  the  following  particular  cases. 

1.  In  the  metals  which  we  considered  above,  relaxation  of  the 
first  type  takes  place,  determined  by  the  interaction  (8.1);  therefore 
=  0  and  consequently 

+  (8.16) 


which  agrees  with  formula  (8.9). 

2.  In  liquids,  if  we  assume  that  the  nuclear  relaxation  pertains 
to  the  first  type  and  is  determined  by  the  magnetic  dipole  interac¬ 
tions  between  the  nuclei  and  the  paramagnetic  impurities,  the  coef¬ 
ficients  Xj,  X2  and  x^  are  related  as  3:2:12,  that  is,  as  the  mean 

A  ^ 

values  of  the  squares  of  the  matrix  elements  of  the  operators  Cjj^  bjj^ 
and  (5.9).  For  the  nuclear  polarization  we  obtain 

&  =  '-•■  (8.17) 


3.  In  diamagnetic  crystals  containing  paramagnetic  impurities, 
the  relaxation  is  of  the  second  type.  In  this  case  x^  =  ^2  there 
is  no  Overhauser  effect . 

This  result  can  be  explained  in  the  following  fashion.  Let  us 
consider  the  transitions  that  lead  to  the  nuclear  spin  flip  1/2  -*•—1/2, 
namely  a'  b  b '  and  a  b '  -►b.  The  transitions  b  -►  b '  and  b*  -►  b 
are  realized  under  the  Influence  of  the  saturating  radio-frequency 
field  and  are  not  accompanied  by  a  change  in  the  nuclear  spin  orienta¬ 
tion.  On  the  other  hand,  the  transitions  a'  -♦b  and  a  b '  are  due  to 
the  coupling  with  the  lattice  vibrations.  Since  the  relaxation  is  of 
the  second  type  and  is  due  to  magnetic  interactions  of  the  electron 
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and  nuclear  spins,  the  probabilities  of  both  processes  turn  out  to  be 
the  same  (X2  =  ^3)*  ^  result  the  lattice  acquires  no  energy  what¬ 

ever,  meaning  that  additional  polarization  of  the  nuclei  due  to  elec¬ 
tron  resonance  saturation  Is  Impossible. 

4.  For  substances  containing  paramagnetic  atoms  with  nonzero 
nuclear  spin,  the  calculations  have  been  carried  out  under  the  assump¬ 
tion  that  the  hyperfine  structure  of  the  resonance  line  is  resolved 

and  has  an  Isotropic  character.  In  this  case  \~  =  0  and  the  polarlza- 

^  { 

tlon  is 


.  I  2«; 

;v_  '  2+5  ' 


(8.18) 


where  §  =  XgA-j^.  If  we  saturate  not  both  but  one  of  the  electron  tran¬ 
sitions,  then 


//+  _  1  +  ‘5 
■“  2+5  • 


(8.19) 


The  theory  of  relaxation  transitions  between  hyperfine  energy  sub- 

levels  was  developed  by  Vallyev  [24],  who  calculated  the  values  of  x^A 

for  typical  ions  of  the  iron  and  rare  earth  groups.  The  appropriate 

calculations  for  ions  in  the  S  states  were  made  by  Bashkirov  [25].  The 

Overhauser  effect  was  considered  also  theoretically  for  the  case  S  = 

/  64 

=  1/2,  1=1  with  the  ion  Cu  as  an  example.  It  was  shown  there  that 
simultaneous  saturation  of  one  electron  and  one  nuclear  resonance  re¬ 


sults  in  nuclear  polarization  of  the  same  magnitude  as  in  the  satura¬ 
tion  of  all  the  electron  transitions  [26]. 

Khutslshvlll  [27]  has  considered  the  question  of  polarization  of 
nuclei  belonging  to  paramagnetic  atoms  in  nonmetals,  by  saturating  only 
one  of  the  hyperfine  structure  components.  It  turned  out  that  it  Is 
most  convenient  to  saturate  the  m  =  0  line  If  the  nuclear  spin  I  is 
even  and  the  m  =  +  1/2  If  I  Is  odd. 

The  Overhauser  effect  in  nonmetals  was  Investigated  experimentally 
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In  many  cases:  on  the  protons  of  the  free  radical  dlphenylplcrylhydra- 
zyl  [28],  on  protons  [29],  on  Ll^  and  nuclei  [30]  In  solutions  con¬ 
taining  the  free  radical  (S02)2N0K2»  and  on  protons  contained  in  ben¬ 
zene  absorbed  by  carbon  [31]. 

3.  Method  of  adiabatic  passage 

The  Overhauser  method  of  nuclear  polarization  is  applicable  if 
the  mechanism  of  nuclear  spin-lattice  relaxation  obeys  definite  con¬ 
ditions.  The  method  proposed  by  Peher  [32],  based  on  adiabatic  rapid 

passage  through  the  paramagnetic  resonance  lines 
(see  §8.4)  is  suitable  for  substances  that  have  a 
resolved  hyperflne  structure  Independently  of  the 
nature  of  the  nuclear  and  electron  spin- lattice 
relaxation  mechanisms.  The  idea  of  the  method  will 
be  illustrated  with  the  aid  of  Pig.  8.3,  which 
shows  the  Zeeman  energy  levels  as  functions  of  the 


Pig.  8.3.  Dia¬ 
gram  showing 
nuclear  polar¬ 
ization  by  the 
adiabatic  pas¬ 
sage  method. 


applied  magnetic  field  Hq  in  the  case  S  =  1/2, 

I  =  1/2.  By  Vg  and  Vj^  we  denote  the  frequencies  of 


the  microwave  and  radio  frequency  fields  applied 
perpendicular  to  Hq.  By  decreasing  the  field  Hq  to  a  value  H^,  we  ex¬ 
cite  the  electron  transitions  M  =  —1/2,  m  =  1/2^  “►M  =  1/2,  m  =  1/2. 
If  this  is  done  under  conditions  of  adiabatic  rapid  passage,  then  the 
vector  of  electronic  magnetization  will  turn  through  l80°,  and  this 
will  cause  an  inversion  of  the  populations  of  the  corresponding  sub- 
levels.  The  difference  in  populations  of  each  pair  of  nuclear  sub- 
levels,  pertaining  to  one  and  the  same  electron  state,  will  now  be 
determined  not  by  the  nuclear  but  by  the  electronic  Boltzmann  factor, 
something  that  can  be  readily  observed  by  the  nuclear  resonance 
method.  In  this  case,  however,  the  population  of  both  sublevels  with 
m  =  +1/2  is  equal  to  the  population  of  the  sublevels  with  m  =  —1/2, 
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and  consequently  on  the  whole  there  is  no  nuclear  polarization.  In 
order  to  obtain  it,  we  pass  adlabatically  through  nuclear  resonance, 
to  which  the  field  Hg  corresponds.  Since  the  energy  Interval  hv^^  be¬ 
tween  one  pair  of  nuclear  sublevels  is  not  equal  to  the  interval  be¬ 
tween  the  other  pair  of  sublevels,  as  a  result  we  obtain  nuclear  polar¬ 
ization  equal  to 

-^  =  1-2..  (8.20) 

This  polarization  vanishes  after  a  time  Interval  equal  approximately 
to  the  nuclear  relaxation  time;  the  situation  can  be  restored  by  re¬ 
peated  variation  of  the  field  Hq. 

If  we  effect  adlabatically  the  fast  transition  Am  =  1,  AM  =  0, 
then  the  electron  resonance  will  change  strongly.  Thus,  we  have  a 
sensitive  method  of  investigating  nuclear  resonance  by  observing  the 
electron  paramagnetic  resonance  absorption. 

An  experimental  verification  of  the  adiabatic  passage  method  was 
carried  out  by  Peher  and  Gere  [33].  The  experiments  were  set  up  with 
a  silicon  crystal  containing  phosphorus  amounting  to  approximately 
3  •  lO'^'  atoms  of  per  cubic  centimeter.  Earlier  investigations 
(§6.3)  have  shown  that  it  is  possible  to  observe  in  this  substance  the 
hyperflne  structure  of  paramagnetic  resonance  lines  as  a  result  of 
interaction  between  the  donor  electron  and  the  magnetic  moment  of  the 

71 

P"'  ;  the  electron  relaxation  time  was  found  to  be  quite  long. 

In  the  experiments  of  Peher  and  Gere,  the  external  field  at 
which  the  transitions  were  investigated  was  approximately  3130  oersted, 
and  the  specimen  temperature  was  1.25°K.  The  electron  resonance  line 
was  observed  by  a  superheterodyne  method  without  the  use  of  field 
modulation.  The  microwave  cavity  was  made  of  pyrex  coated  on  the  in¬ 
side  surface  with  a  thin  layer  of  silver.  This  Insured  the  penetration 
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Into  the  cavity  of  the  radio  frequency  field  necessary  for  excitation 
of  the  transitions  between  the  nuclear  sublevels.  The  amplitudes  of 
the  microwave  and  radio  frequency  fields  in  the  specimen  were  on  the 
order  of  0.001  oersted.  The  constant  field  Hq  changed  within  approxi¬ 
mately  four  seconds  from  an  Initial  value  3150  oersted  to  3110  oersted, 
after  which  it  again  returned  to  3150  oersted. 

The  results  of  the  experiments  confirmed  Peher's  calculations. 

In  the  absence  of  a  radio  frequency  field,  the  amplitude  of  the  elec¬ 
tron  resonance  line  changed  little  in  the  secondary  passage  through 
resonance;  on  the  other  hand,  if  a  radio  frequency  field  was  applied 
during  the  Interval  between  the  first  and  second  passages  to  induce 
the  transition  hVj^  (see  Pig.  8.3),  then  the  Intensity  of  the  electron 
resonance  line  decreased  sharply  during  the  second  passage,  thus  evi¬ 
dencing  the  presence  of  nuclear  polarization.  An  analogous  method  was 
used  in  [ 3^] • 

4.  Method  of  parallel  fields 

Jeffries  [35]  proposed  to  use  for  nuclear  polarization  the  forbid¬ 
den  transitions  that  appear  in  the  case  when  the  alternating  and 
static  magnetic  fields  are  oriented  parallel  to  each  other,  as  a  re¬ 
sult  of  the  fact  that  the  hyperflne  Interactions  cause  a  slight 
overlapping  of  the  states  with  different  values  of  M  and  m.  If  the 

hyperflne  interaction  operator  has  the  form  AI_S_  +  B(I„S„  +  I„S„) 

z  z  XX  y  y 

then  the  wave  functions,  which  in  the  zero  approximation  are  equal  to 
T^(M,m),  will  assume  in  the  next  approximation  the  form  ■^(M,m)  + 

+  a(B/H)Vr(M  +1,  m  -  1) . 

By  way  of  illustration  we  consider  the  case  S  =  1/2,  I  =  1/2 
(Pig.  8.4).  The  solid  arrows  denote  the  transitions  that  are  possible 
in  the  usual  mutually-perpendlcular  arrangement  of  the  alternating  and 
static  magnetic  fields  (aM  =  1,  Am  =  O).  The  dashed  arrows  show  the 
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"forbidden”  transitions,  which  arise  in  the 
case  when  the  fields  are  parallel.  With  this, 
from  the  form  of  the  perturbed  wave  functions 
It  follows  that  a(M  +m)  =0.  If  we  saturate 
the  transition  M  =  —1/2,  m  =  +  1/2  M  =  1/2, 
m  =  — l/2,  with  a  radio  frequency  field, 
polarization  is  immediately  produced: 

N_^/N__  =  1  -  e. 

If  the  polarized  nuclei  are  radioactive,  then 
the  polarization  can  be  detected  from  the  resultant  anisotropy  ol  the 
gamma  radiation.  The  effect  will  in  this  case  be  proportional  not  to 
the  number  of  atoms  participating  in  the  paramagnetic  resonant  absorp¬ 
tion,  but  to  the  number  of  radioactive  decays.  This  method  is  therefore 
particularly  convenient  for  the  study  of  short-lived  nuclei. 

The  Jeffries  method  was  used  to  polarize  radioactive  Co^*^  nuclei 
contained  in  the  single  crystal  La2Mg2(N02)22’ ^^^2®  [36].  The  ratio  of 
magnesium  to  its  isomorphic  cobalt-isotope  substitutes  was  Mg:Co^^: 
:Co^*^  =  10^:50:1.  The  measurements  were  carried  out  at  a  frequency  of 
9.3‘10^  cps  at  a  temperature  1.6°K.  The  Z  axis  of  the  crystal  was  per¬ 
pendicular  to  the  static  and  the  oscillating  magnetic  fields.  The 
paramagnetic  absorption  in  Co^^  is  very  weak  and  cannot  be  measured 
directly.  Paramagnetic  resonance  is  detected  by  the  anisotropy  of  the 
gamma  radiation.  The  spectrum  contained  21  =  10  lines  in  accordance 
with  the  well  known  value  of  the  spin  of  the  nucleus.  The  follow¬ 

ing  ratios  were  obtained  for  the  line  intensities:  83:100:83:52:18  in 
good  agreement  with  the  predictions  of  the  theory  [37]. 

5.  The  method  of  Abragam  and  Proctor  [38] 

Let  us  assume  that  the  substance  contains  electron  and  nuclear 
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Pig.  8.4.  Scheme  of 
nuclear  polarization 
by  the  parallel 
field  method. 
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paramagnetic  centers.  For  simplicity  we  assume  that  the  spins  of  the 
centers  are  S  =  1/2,  I  =  1/2.  Assume  that  some  interaction  exists  be¬ 
tween  the  electron  and  nuclear  spins,  say  magnetic  dipole  coupling. 

This  coupling  causes  an  overlap  of  the  electron  and  nuclear  states,  so 
that  the  wave  functions  assume  the  form  f(M,m)  +  where  a«  1. 

Let  us  assume  that  an  alternating  field  of  frequency  =  '^e 

is  applied  perpendicular  to  the  static  field  Hq.  Then,  with  a  certain 

2 

probability  P  proportional  to  a  ,  simultaneous  reorientation  of  the 
electron  and  nuclear  spins  begins.  We  denote  the  time  of  the  electron 
spin- lattice  relaxation  by  and  the  corresponding  time  for  the 
nucleus  by  T^^j.  Let  l/T^jj  <  P  <  Then  obviously  after  the  onset 

of  dynamic  equilibrium  the  ratio  of  the  populations  of  the  Zeeman 
levels  of  the  nuclei  will  be  the  same  as  that  of  the  electron  levels. 

A  similar  effect  can  be  obtained  by  applying  energy  at  the 
difference  frequency  In  this  case,  obviously,  the  electron 

spin  flip  will  be  accompanied  by  a  reorientation  of  the  nuclear  spin 
in  the  opposite  direction. 

Abragam  and  Proctor  [38]  verified  experimentally  their  proposed 
method  using  a  LiF  single  crystal.  The  experiments  were  carried  out  at 
a  frequency  v  =  +  Vj^  =  9*^  megacycles.  The  attained  increase  in 

polarization  of  the  Ll^  nuclei  was  approximately  by  y(F^^)  ;'Y(L1^)  = 

=  6.5  times. 

The  further  development  of  this  method  is  described  in  [120].  In 
particular,  it  became  possible  to  polarize  nuclei  of  aluminum  in 
corundum  with  chromium  impurity  [121]. 

§8.3.  Paramagnetic  Amplifiers  and  Generators 

Ordinary  radio  devices  which  use  vacuum  tubes,  klystrons,  mag¬ 
netrons,  etc.  convert  the  kinetic  energy  of  charged  particles  into 
energy  of  a  radio  frequency  electromagnetic  field.  For  many  reasons. 
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the  possibility  of  obtaining  radio  frequency  electromagnetic  energy 
by  using  the  Internal  energy  of  atoms  and  molecules  In  an  excited 
state  Is  very  attractive.  This  Idea  was  first  realized  with  the  aid  of 
molecular  beams*  [ 39-^1 ]•  Molecular  generators  have  found  many  Impor¬ 
tant  applications  because  of  their  exceedingly  high  frequency  stabil¬ 
ity,  but  cannot  be  used  extensively  for  technical  purposes  owing  to 
their  unusually  low  power  and  limited  range  of  operating  frequencies. 
Such  a  device  can  be  used  In  principle  also  as  an  amplifier  with  ex¬ 
clusively  low  noise  level.  However,  such  an  amplifier  has  not  found 
practical  use  because  of  the  exceedingly  narrow  band  of  the  frequencies 
amplified  by  It  and  the  Impossibility  of  tuning  It. 

It  has  recently  become  possible  to  use  paramagnetic  resonance  In 
solids  to  produce  amplifiers  which  have  equally  low  noise,  but  have  a 
much  larger  band  width  and  can  be  readily  tuned  over  a  wide  range. 

Along  with  paramagnetic  amplifiers,  it  Is  possible  that  paramagnetic 
generators  will  also  find  technical  applications,  particularly  In  the 
range  of  millimeter  and  submillimeter  wavelengths. 

The  operating  principle  of  paramagnetic  amplifiers  and  generators 
consists  In  the  following.  We  have  seen  in  §1.5  that  unlike  the  optical 
range  the  probabilities  of  spontaneous  transitions  in  the  radio  fre¬ 
quency  band  are  exceedingly  small.  We  can  therefore  speak  here  of  the 
use  of  Induced  emission.  In  addition,  whereas  in  optical  light  sources 
each  atom  radiates  Independently  of  the  other  and  the  radiation  Is 
therefore  not  coherent,  in  the  radio  band  the  radiation  Is  coherent; 
there  exist  definite  phase  relationships  between  the  induced  emission 
and  the  radio  frequency  electromagnetic  field  that  causes  it. 

We  now  consider  a  medium  containing  a  large  number  of  paramagnetic 
centers,  each  of  which  has  a  definite  system  of  energy  levels.  Let 

and  >  E^)  be  a  pair  of  levels,  the  interval  between  which  lies 
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In  the  radio  frequency  band.*  We  denote  by  Njjj  and  the  number  of 
paramagnetic  centers  per  unit  volume  at  the  levels  and  E^.  We  assume 
that  the  medium  has  in  some  manner  been  placed  in  such  an  equilibrium 
state,  by  which  the  number  of  centers  in  the  upper  level  is  larger  than 
in  the  lower  one.  A  discussion  of  different  methods  of  exciting  the 
medium  will  be  presented  in  the  following  sections.  We  assume  also  that 
the  relaxation  mechanisms  are  of  low  efficiency  and  that  therefore 
the  transition  of  the  paramagnet  into  equilibrium  state  resulting  from 
Internal  interactions  is  relatively  slow.  Let  now  a  weak  radio  signal 
of  frequency  v  =  E  —  E^/h  be  incident  on  the  medium.  Under  the  In- 
fluence  of  this  signal,  transitions  E^^^  ♦  E^  occur,  the  probabilities 

of  which  are  the  same  for  both  possible  directions.  But  since  N  >  N  , 
the  paramagnetic  resonant  absorption  will  be  negative.  In  other  words, 
radiation  will  take  place,  the  power  of  which,  according  to  (1.7)  and 
(l.ll),  can  be  estimated  with  the  formula 

- - 

We  note  that  the  quantities  —  N^^),  <  m  |  I  n  >  and  Av  can¬ 
not,  strictly  speaking,  be  regarded  as  Independent  of  one  another.  In¬ 
deed,  the  more  appreciable  the  spin  S  of  the  paramagnetic  centers,  the 
larger  will  be  the  matrix  elements  of  the  magnetic  moment.  But  an  in¬ 
crease  in  S,  that  is,  in  the  number  of  spin  levels,  brings  about  a  de¬ 
crease  in  N  and  N  .  At  the  same  time,  the  increase  in  S  can  bring 
n  m 

about  an  Increase  in  the  resonant  width  Av.  In  speaking  of  the  width 
of  a  resonance  line  it  Is  necessary,  as  we  already  know  (see  §5.8) >  to 
distinguish  between  the  "inhomogeneous  broadening,"  due  to  the  Inhomo- 
genelty  of  the  fields  acting  on  the  different  paramagnetic  centers, 
and  the  "homogeneous  broadening,"  which  is  a  result  of  dipole-dipole 
and  exchange  interactions  between  like  particles  and  due  to  other 
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factors.  The  sources  of  the  inhomogeneous  broadening  —  the  spins  of 
the  nuclei  belonging  to  the  diamagnetic  atoms,  the  inhomogeneity  of  the 
applied  magnetic  field,  the  Inhomogenelty  of  the  crystalline  fields, 
etc.  —  begin  to  play  a  leaser  role  with  Increasing  concentration  of 
the  paramagnetic  centers.  An  Increase  In  the  concentration,  and  conse¬ 
quently  also  In  —  N^)  is  accompanied,  starting  with  a  certain 
minimum  value,  by  an  Increase  in  the  width  Av . 

The  simpllest  amplifier,  and  at  the  same  time  the  one  having  many 
advantages,  can  be  visualized  as  consisting  of  a  wave  guide  filled  with 
an  active  paramagnetic  substance.  The  traveling  wave  will  Increase  in 
power  as  It  propagates,  so  that  the  power  gain,  neglecting  losses  in 
the  wave  guide,  turns  out  to  be 


^•=exp(a,/).  (8.22) 

where  ^  is  the  length  of  the  wave  guide  and  a  =  ^ 

the  area  of  the  transverse  cross-section  of  the  wave  guide.  The  power 
of  the  incident  wave  is 


-i 


^..aA=--8V-4c//;.  (8.23) 

It  follows  from  (8.21)  and  (8.23)  that 

a  =  I  < '«  I  !'*>!’  9  (8.24) 

eft  Ai  •  '  ' 

Calculation  shows  that  for  real  values  of  (Nj^^  —  N^)/av  the  length  of 
the  wave  guide  must  be  very  large,  on  the  order  of  several  meters,  in 
order  to  obtain  noticeable  amplification. 

In  order  to  reduce  the  amplifier  dimensions  one  employs  resonant 
cavities  in  lieu  of  wave  guides.  If  the  nonmagnetic  losses  in  the 
medium  and  the  losses  in  the  cavity  walls  are  smaller  than  the  power 
radiated  by  the  paramagnet,  then  the  energy  stored  in  the  cavity  will 
build  up  and  in  this  case  the  induced  emission  of  the  paramagnetic 
centers  will  occur  not  only  under  the  influence  of  the  weak  radio 
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signal,  but  also  under  the  Influence  of  the  radiation  previously 
emitted  by  the  paramagnet .  Thus,  a  cavity  filled  with  an  active  para¬ 
magnetic  medium  can  be  regarded  as  a  resonant  system  with  positive 
feedback. 

This  system  can  be  characterized  by  means  of  a  negative  figure  of 
merit  connected  with  the  magnetic  "losses,"  the  figure  of  merit 
Qq,  determined  by  the  nonmagnetic  losses  Inside  the  cavity,  and  by  the 
figure  of  merit  Q^,  due  to  the  external  losses  resulting  from  the 
coupling  with  the  wave  guide  or  with  the  coaxial  line.  According  to 
(l.lO)  we  have 


I  ^ 


(8.25) 


2  2 

where  (1?)  ^  is  the  value  of  averaged  over  the  volume  of  the  cavity. 
Our  system  will  operate  like  a  generator  If  the  self-excltatlon  condi¬ 
tion 


(8.26) 


Is  satisfied.  The  power  of  the  generated  oscillations  will  be  limited 
by  the  saturation  effect,  for  if  the  populations  of  the  levels  and 
start  to  become  equalized,  the  increase  in  the  power  of  the  induced 
emission  will  stop.  The  saturation  causes  the  self-oscillating  system 
considered  here  to  be  nonlinear  and  thereby  determines  the  amplitude 
of  the  steady-state  oscillations  In  the  cavity.  The  system  will  oper¬ 
ate  like  an  amplifier  if 

+  (8-27) 

2 

If  we  denote  again  the  power  gain  by  g_,  we  can  readily  conclude  that 
for  a  cavity  type  amplifier  the  following  formula  holds  true* 

Qi'  +  QVr^-.  (8.28) 
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The  amplifier  bandwidth  B  can  be  defined  as  the  ratio  of  the  frequency  v 
to  the  Q  of  the  apparatus: 


(8.29) 

Usually  Qq  Is  sufficiently  large 

the  simpler  form 

so  that  the  last 

two  formulas  assume 

0,n-Q, 

Qm  +  Q,  ' 

•'iw  +  lt}- 

(8.28a) 

(8.29a) 

Multiplying  these  expressions  we 

obtain 

’'(<?.  (?«)• 

(8.30) 

If  the  gain  is  large,  then  and 

same.  We  therefore  have 

1  Qjjj  1  should  be 

practically  the 

gaB 

_  2v  2v 

/~%  1  1  » 

(8.31) 

We  see  that  the  product  of  the  square  root  of  the  gain  and  the  band¬ 
width  is  a  quantity  that  remains  approximately  constant  for  an  ampli¬ 
fier  in  which  the  configuration  of  the  resonant  cavity  and  the  volume 
of  the  paramagnetic  medium  remain  constant.  It  is  seen  from  (8.28)  and 
(8.29a)  that  if  the  gain  is  large,  then  the  power  gain  g„  and  the 
band  width  B  are  very  sensitive  to  relatively  small  variations  of  Q 
and  Qjjj.  However,  no  matter  how  large  the  variations  of  g^  and  B  may 
be,  the  product  of  these  quantities  remains  almost  constant. 

Paramagnetic  amplifiers  and  generators  have  important  advantages. 
First,  the  amplifiers  are  rid  of  many  noise  sources  that  are  Inherent 
in  electronic  devices,  and  their  noise  temperature  amounts  to  several 
degrees  Kelvin.  Second,  paramagnetic  generators  and  amplifiers  have  no 
upper  frequency  limits,  since  the  frequencies  of  the  generated  and 
amplified  oscillations  are  determined  by  the  Intervals  between  the 
spin  energy  levels.  These  intervals  can  be  made  sufficiently  large 
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by  a  suitable  choice  of  the  medium  and  by  increasing  the  static  mag¬ 
netic  field  within  permissible  limits. 

No  practical  paramagnetic  generators  have  been  created  to  date. 

We  shall  therefore  consider  henceforth  only  amplifiers  and  only  of  the 
cavity  type. 

The  main  advantage  of  paramagnetic  amplifiers,  namely  their  high 
sensitivity,  is  connected  with  the  low  level  of  the  Intrinsic  noise. 
Many  special  investigations  have  been  devoted  to  this  problem  [43-^5] • 
The  low  noise  level  in  these  devices  is  Insured  primarily  by  the  fact 
that  they,  unlike  devices  using  vacuum  tubes  and  semiconductors,  con¬ 
tain  no  free  charges  and  therefore  are  not  subject  to  the  shot  effect, 
nor  are  there  any  flicker  noises,  excess  noises,  etc.  The  lower  noise 
limit  of  paramagnetic  amplifiers  is  determined  by  the  spontaneous 
emission.  Noise  in  paramagnetic  amplifiers  can  be  characterized  by  an 
effective  noise  temperature  T^,  the  magnitude  of  which  is  approximate¬ 
ly  equal  to  the  absolute  value  of  the  effective  spin  temperature  T„ . 
The  use  of  low  (helium)  temperatures,  which  is  necessary  for  effective 
operation  of  the  amplifier  (so  as  to  increase  the  difference  in  level 
populations  and  to  lengthen  the  relaxation  time  T^^)  contributes  at  the 
same  time  to  a  reduction  in  the  noise  levels. 

Strandberg  [45]  calculated  the  noise  figure  of  a  paramagnetic 
amplifier.*  The  formula  he  obtained  for  a  resonator  type  amplifier  has 
the  following  form; 

The  values  of  many  of  the  quantities  contained  in  this  formula  can  be 
understood  by  referring  to  the  schematic  diagram  of  the  amplifier 
(Fig.  8.5).  Tg,  T^,  and  T^  denote  the  temperatures  of  the  antenna 
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Pig.  8.5.  Temperature 
parameters  determining 
the  noise  figure  of  a 
paramagnetic  amplifier. 


following  formula; 


(signal  sources),  transmission  line,  and 
the  paramagnetic  medium,  respectively.  Tq 
is  the  temperature  at  the  output  of  the 
cavity  (load  temperature),  t  is  the  power 
loss  factor  in  the  transmission  line,  that 
is,  the  ratio  of  the  output  power  to  the 
power  at  the  input  of  the  transmission 
line.  The  parameter  T^^^  has  the  dimension  of 
temperature  and  can  be  determined  from  the 


:th 
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If  T]  is  the  number  of  spin  levels  of  one  particle,  then 


(8.33) 


2V. 


(8.34) 


Prom  (8.33),  (8.34),  (8.21)  and  (8.25)  it  follows  that 

T  — lass's  r Arth  _ _ 1~* 


(8.35) 


In  accordance  with  Planck's  formula,  the  mean  oscillator  energy  at 
temperature  T  is 


/\(D= 


_ _ 

cxp(Av/ft/')  —  1  • 


(8.36) 


Usually  hv «  kT  and  therefore  P^(T)  =  kT.  If  we  assume  further¬ 
more,  first,  that  the  losses  in  the  transmission  line  are  small  and 
t  a  1,  and  second  that  the  gain  is  appreciable  g_»l,  then  (8.32) 
assumes  the  simpler  form 

(8.37) 

and  the  noise  temperature  will  accordingly  be 


+  (8.37a) 

It  is  easy  to  see  that  by  choosing  the  amplifier  parameters  we  can 
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make  the  noise  K„.  close  to  unity  and  T  «  T  .  An  additional  noise 
source  is  produced  if  the  excitation  ol'  the  working  medium  is  carried 
out  by  the  saturation  method  (see  §8.5).  Weber  [46]  has  shown  that  the 
corrections  to  formula  (8.32)  brought  about  by  this  fact  have  no 
practical  significance. 

The  most  important  problem  arising  in  the  construction  of  a 
paramagnetic  amplifier  Is  the  choice  of  the  working  medium  and  the 
determination  of  the  methods  for  its  excitation.  It  is  obvious  that 
there  is  a  great  variety  in  the  methods  of  exciting  paramagnetic  cen¬ 
ters  in  the  case  of  particles  with  effective  spin  S'  >  1/2,  that  is,  in 
the  case  when  the  number  of  spin  levels  exceeds  two.  We  shall  therefore 
consider  in  the  following  sections  two-  and  three-level  amplifiers 
separately. 

§8.4.  Two-level  Paramagnetic  Amplifier 

All  the  methods  proposed  for  the  excitation  of  paramagnetic  cen¬ 
ters  with  effective  spin  S'  =  1/2  consist  in  inverting  the  populations 
of  the  Zeeman  energy  sublevels.  In  the  equilibrium  state,  the  ratio  of 
the  populations  of  the  lower  [1]  and  upper  [2]  spin  levels  is 


The  problem  consists  of  inverting  this  ratio  for  a  more  or  less  pro¬ 
longed  time  interval.  Let  us  stop  to  discuss  three  possible  methods  of 
inverting  the  populations  of  the  spin  levels. 

a)  Nonadlabatic  change  in  direction  of  the  static  magnetic  field 

The  simplest  method  of  accomplishing  the  indicated  purpose  is  by 
rapid  (nonadlabatic)  change  in  the  sign  of  the  applied  static  magnetic 
field  Hq.  The  ratio  N^/Ng  is  then  reversed,  the  most  populated  lower 
level  becomes  the  upper  level,  and  vice  versa.  The  reversal  in  the 
field  Hq  must  be  so  fast  as  to  satisfy  the  nonadlabatlclty  condition 


-  428 


[47],  which  in  our  case  has  the  form 

.  (8-39) 

The  lower  the  precession  frequency  Vq,  that  Is,  the  smaller  the  field 
Hq,  the  easier  It  Is  to  satisfy  this  condition.  However,  the  field  Hq 
cannot  be  made  as  small  as  desired,  for  It  must  appreciably  exceed  the 
width  of  the  resonance  line:  AH. 

It  Is  therefore  most  advantageous  to  proceed  In  the  following 
fashion:  Reduce  the  field  Hq  adlabatlcally  and  slowly  to  a  value 
and  then  carry  out  nonadlabatlcally  and  rapidly  the  reversal  -► 

—  H^^^  followed  by  an  adiabatic  and  slow  reduction  of  the  field  to 
— Hq .  It  Is  obvious  that  this  entire  procedure  should  be  performed  with¬ 
in  a  time  much  shorter  than  T^.  By  way  of  an  example  let  us  assume  that 
ah  0.1  oersted,  »  0.5  oersted;  then.  In  order  to  change  the 

field  Hq  by  1  oersted.  It  Is  necessary  In  accord  with  (8.39)  to  have  a 
time  Interval  of  about  5  '  10  sec.  Field  changes  of  this  type  can  be 

I 

produced  presently  by  modern  pulse  techniques.  The  method  described  by 
us  has  been  used  for  the  time  being  only  In  nuclear  paramagnetism  [48], 
However,  It  has  a  great  advantage  over  other  methods  of  excitation  of 
paramagnetic  centers  In  that  It  does  not  need  the' application  of  an 
additional  radio  frequency  field.  One  can  therefore  expect  that  non- 
adlabatlc  change  of  magnetic  field  direction  will  be  used  for  the 
construction  of  microwave  generators  of  very  high  frequencies. 
b)  Adlabatlcally  rapid  passage 

Bloch  [49]  has  shown  that  the  spin  level  populations  can  be  In¬ 
verted  by  rapid  but  adiabatic  passage  through  resonance,  by  changing 
the  frequency  of  the  alternating  field  or  the  Intensity  of  the  static 
field.  Without  dwelling  on  the  calculations  which  lead  to  this  result 
by  a  solution  of  (5.1)  (see,  for  example,  [50,51]),  let  us  Illustrate 
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this  method  with  the  classical  model. 

The  behavior  of  a  dipole  in  a  magnetic  field  H  is  best  investigat¬ 
ed  by  changing  over  to  a  coordinate  system  rotating  with  a  certain 
angular  velocity  cu.  In  the  rotating  coordinate  system  the  motion  of 
the  dipole  will  be  determined  by  the  same  equations  of  motion  as  In 
the  Inertial  coordinate  system,  provided  we  assume  that  the  dipole  Is 
acted  upon  not  by  the  field  H  but  by  the  effective  field  [52] 

7.  (8-^0) 

The  magnetic  moment  of  the  dipole  will  precess  In  this  case  with  cir¬ 
cular  frequency  =  'VHgff  We  now  put,  as  usual,  ll  =  Hq  +  where 

is  the  static  field  and  Is  a  small  field  rotating  uniformly  with 


Pig.  8.6.  Effective  magnetic  field  in  a  coordinate 
system  rotating  with  angular  velocity  0  about  the 
field  Hq. 


frequency  o)  In  a  plane  perpendicular  to  Hq.  Figure  8.6  shows  the 
three  possible  cases; 


7//o>o>,  fh't  —  ta  and  7/4  <^o). 


We  see  that  If  the  change  In  Is  adlabatlcally  slow,  then  the  sign 

of  the  magnetization  vector  reverses  after  passing  through  resonance, 
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and  consequently  the  distribution  of  the  particles  over  the  spin 
levels  is  reversed:  Ng  >  The  adiabatic  change  In  denotes  that 

the  relative  reduction  in  during  the  time  should  be  small. 

The  smallest  value  of  is  Therefore  the  adlabatlclty  condition 

has  in  our  case  the  form 

(8.41) 

if  we  denote  by  At  the  time  necessary  to  change  the  field  Hq  by  an 
amount  equal  to  the  half  width  aH  of  the  resonance  line.  At  the  same 
time,  passage  through  resonance  should  be  rapid,  for  it  is  necessary 
to  satisfy  also  the  condition 

A<<7-,.  (8.42) 

The  method  of  adlabatlcally  rapid  passage  has  the  following  advantages; 
1)  there  is  no  need  for  good  stabilization  of  the  frequency  v  of  the 
field  H^j  2)  the  time  of  passage  At  can  change  over  a  wide  range. 
c)  l8o*^  pulse 

Let  us  assume  that  the  paramagnet  is  under  resonance  conditions. 

If  we  change  over  to  a  coordinate  system  rotating  with  resonant  fre¬ 
quency,  then  Hg^^  =  Hj^.  Consequently,  the  magnetic  dipole  is  acted 
upon  only  by  the  constant  magnetic  field  (Fig.  8.6b).  The  magneti¬ 
zation  vector  will  process  about  with  angular  frequency 
If  we  use  in  place  of  a  continuously  acting  alternating  magnetic  field 
only  a  pulse  of  duration 


K 


(8.43) 


then  the  direction  of  the  magnetization  vector  will  change  by  l80°  and 
the  spin  levels  will  be  inverted.  The  inversion,  however,  will  not  be 
complete  if,  first,  is  not  appreciably  larger  than  the  resonance 
width  ah,  and  second  if  the  condition  (8.43)  is  not  satisfied  with 
great  accuracy.  It  goes  without  saying  that  the  duration  of  the  pulse 
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should  be  much  shorter  than  the  relaxation  time  T^.  The  "l80° 
pulse"  method  is  more  convenient  than  the  "rapid  adiabatic  passage" 
in  that  it  consumes  less  alternating  magnetic  field  power  and  a 
shorter  time  interval  for  the  inversion  of  the  spin  levels  [50]. 

The  operation  of  a  two-level  amplifier  can  be  visualized  in  the 
following  fashion.  At  first  the  working  medium  is  in  the  equilibrium 
state.  Then  the  spin  levels  are  Inverted  for  a  time  t^  by  one  of  the 
methods  considered  above.  Following  this,  for  a  time  t2«  T^^,  the  am¬ 
plification  process  occurs.  Then  the  thermal  equilibrium  is  restored 
for  a  time  t^.  We  see  that  the  two-level  amplifier  is  an  intermittent¬ 
ly  acting  device.  The  time  Intervals  t2  of  active  operation  are 
divided  by  "dead"  Intervals  t^  +  t^.  If  the  thermal  equilibrium  occurs 
in  a  medium  that  is  left  alone,  then  the  time  t^  will  be  very  large, 
on  the  order  of  T^ .  We  propose  here  two  methods  for  accelerating  the 
transition  to  the  equilibrium  state. 

The  first  method  consists  of  Illuminating  the  paramagnet .  This 
method  is  suitable  if  the  working  medium  is  a  doped  semiconductor, 
such  as  silicon  doped  with  elements  of  group  V  (P,  As,  Sb)  or  lithium. 
In  these  semiconductors,  at  heating  temperatures  and  at  concentrations 
Nq  e  10  '  —  10  cm”"^,  the  time  T^^  runs  into  many  seconds  (see  §6.2). 

Under  the  Influence  of  the  illumination,  the  relaxation  time  is  shor¬ 
tened  to  several  microseconds.  If  we  take  account  of  the  fact  that  the 
time  tj^  amounts  to  in  the  worst  case  several  milliseconds,  we  see  that 
the  "dead"  time  can  be  made  negligibly  small,  and  the  amplifier  oper¬ 
ates  almost  continuously. 

The  second  method  of  shortening  t^  consists  in  the  following.  We 
use  as  the  working  medium  crystals  containing  paramagnetic  particles 
of  two  types.  Let  the  relaxation  time  T^  of  the  particles  of  one  type 
(A)  be  several  orders  of  magnitude  higher  than  that  of  particles  of 
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the  second  type  (B) .  These  two  sorts  of  particles,  of  course,  have 
different  spin  level  systems.  The  active  paramagnetic  centers  of  the 


amplifier  are  the  particles  A.  After  the  end  of  the  period  tg,  the 
static  field  Hq  is  changed  such  as  to  make  the  Interval  between  the 
spin  levels  of  particles  A  equal  to  the  Interval  between  any  pair  of 
spin  levels  of  the  particles  B.  Then,  owing  to  the  spin  Interaction, 
the  energy  will  be  transferred  from  particles  A  to  particles  B,  and 
then  very  rapidly  to  the  lattice.  This  type  of  decrease  in  relaxation 
time  was  experimentally  Investigated  in  several  cases  [53]* 

Let  us  determine  the  condition  for  the  amplification,  assuming 

O 

that  relaxation  losses  can  be  neglected.  We  denote  by  (H^)g  the  square 
of  the  alternating  magnetic  field  Intensity  averaged  over  the  volume  of 
the  paramagnetic  specimen.  We  assume  that  I  <m  1  p,  |  n>  |  =  p,  N  — 

Jv  HI 

—  Nn  =  NQhv/2kT.  Then  from  (8.27),  (8.25)  and  (8.21)  It  follows  that 
amplification  will  take  place  if 


2«‘9?*vp, 


(8.44) 


The  first  attempt  at  constructing  a  paramagnetic  amplifier  was 


carried  out  using  silicon  doped  with  phosphorus  under  the  following 


experimental  conditions  [54];  v  =  9000  megacycles,  Qq  =  10,000, 

T  =  2°K,  AV  *  4  •  10^,  (H^)g  *  (H^)y.  After  substitution  of  these 
values,  condition  (8.44)  assumes  the  form  Nq  >  10^^  cmT^.  In  the  ex¬ 
periments  described  this  condition  was  not  fulfilled  and  therefore 


the  sought  effect  was  not  observed.  Positive  results  were  obtained  by 

Peher  et  al.  [55],  who  replaced  the  natural  silicon  by  isotopically 

28 

pure  (99.88  +  0.085^)8!  ,  as  a  result  of  which  the  paramagnetic  reso¬ 


nance  line  was  narrowed  down  from  2.7  to  0.22  oersted,  since  the  In¬ 


homogeneous  broadening  due  to  the  hyperflne  Interaction  of  the  elec¬ 
tron  shell  of  the  phosphorus  with  the  Sl^^  nuclei  disappeared.  The 


-  433  - 


1 

experiments  were  set  up  under  the  following  conditions:  Nq  =  4  '  lO'^ 
cm“^,  »  1  min  at  temperature  1.2°K,  v  =  9000  megacycles,  Qq  =  20,000. 

Excitation  of  paramagnetic  centers  was  by  the  method  of  rapid  adiabatic 
passage. 

Working  media  successfully  used  for  two- level  amplifiers  were 

quartz  and  magnesium  oxide,  the  paramagnetic  centers  In  which  were 

produced  by  strong  neutron  bombardment  [56].  The  level  Inversion  was 

by  the  method  of  adiabatic  passage.  The  frequency  of  the  amplified 

signal  was  v  =  9000  megacycles,  the  Q  of  the  loaded  cavity  was  Q  « 

«  6000,  and  the  temperature  was  4.2°K.  In  the  experiments  with  quartz, 

l8 

the  number  of  paramagnetic  centers  was  Nq  »  lO'*'  .  The  Inverted  state 
lasted  about  2  milliseconds.  If  the  signal  Is  amplified  1.2  milli¬ 
seconds  after  the  level  Inversion,  then  g^B  ^  5  '  10^  sec~^  with  the 

gain  changing  from  8  to  21  db.  In  experiments  with  MgO,  the  number  was 
17 

Nq  »  10  .  The  Inverted  state  lasted  approximately  2.5  milliseconds. 

A  gain  of  20  db  was  observed  125  microseconds  after  the  Devel  Inver¬ 
sion. 

In  conclusion,  we  note  that  continuously  operating  two- level  am¬ 
plifier  designs  were  proposed  [57]>  based  on  the  use  of  mechanically 
rotating  devices. 

§8.5.  Three- level  Paramagnetic  Amplifier 
1.  Operating  principle 

If  the  number  of  spin  levels  of  paramagnetic  centers  exceeds  two, 
then  the  excitation  of  the  working  medium  can  be  effected  by  saturat¬ 
ing  the  electron  resonance.  Let  us  assume  that  the  particles  have 
three  spin  levels  (Plg.  8.7).  We  assume  also  that  saturation  has  been 
produced  with  the  aid  of  an  oscillating  field  of  frequency  and  of 

sufficient  power,  so  that  the  populations  of  levels  and  have  be¬ 

come  equalized;  ®  N^.  Then,  obviously,  either  Ng  <  and  an  ampll- 
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fier  can  be  produced  for  signals  of  frequency 
or  else  Ng  >  and  signals  of  frequency  can  be 
amplified.  The  idea  of  the  possibility  of  producing 
a  molecular  generator  using  this  excitation  method 
was  first  stated  by  Basov  and  Prokhorov  [58]-  The 
possibilities  of  constructing  a  three-level  para¬ 
magnetic  amplifier  excited  by  the  saturation 
method  were  considered  by  Bloembergen  [59]*  The  ad¬ 
vantages  of  an  amplifier  of  this  type  are  the  con¬ 
tinuous  operation  and  the  possibility  of  using  media  with  relatively 
short  relaxation  times.  These  times  should  be  sufficiently  long  to 
permit  practical  saturation  of  the  paramagnetic  resonance. 

Let  us  find  the  conditions  for  the  excitation  of  a  three- level 
amplifier.  Let  be  the  per  second  probability  for  the  transition  of 
a  particle  f rf  m  the  level  to  the  level  Ej^  under  the  influence  of 
the  lattice  vibrations  (see  §5.3) >  and  let  Pj^j^  be  the  probability  of 
transition  between  the  same  levels  under  the  Influence  of  the  radio 
frequency  field,  calculated  in  accordance  with  (1.3).  If 
then  the  populations  of  the  individual  levels  will  obey  the  equations 


Fig.  8.7.  Spin 
levels  of  para¬ 
magnetic  centers 
of  the  working 
medium  of  a 
three-level  am¬ 
plifier. 


-j-  Aj}  ^  "i”  "T  4/^) 

(at, -AT, +  4-^)  + 
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If  it  is  assumed  that  P32  ^31^^  ^ik’  obtain 

AA^»  Ati  Vii  —  Alt  Hi, 


Ni~Nt  =  N»  —  Nf. 


(8.45) 


(8.46) 


This  quantity  will  be  positive,  and  consequently  negative  absorption 
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will  take  place  at  a  frequency  v^2 

^  ( 8  •  ^7 ) 

If  the  opposite  Inequality  holds  true,  then  the  negative  absorption 
will  take  place  at  frequency  Substituting  (8.46)  in  (8.21)  and 

using  (8.25)  and  (8.27)  we  obtain  the  following  condition  for  the 
presence  of  amplification: 

I  {2  t|»jf  |3)  I*  ^1  f  iift  ^ 

/I.,  -1-  A„  \  •  j 

If  the  number  of  spin  levels  exceeds  three,  analagous  calcula¬ 
tions  can  be  carried  out,  which,  however,  become  quite  cumbersome. 

In  the  derivation  of  relation  (8.47)  we  disregarded  cross¬ 
correlation.  Equation  (8.45)  would  have  to  be  replaced  by  equation 
(5.119) j  and  we  would  then  obtain  in  lieu  of  (8.47) 


~}~ '^~l~  X ^ (8  .^7®) 

/ 

Since  the  probabilities  of  the  cross-correlation  transitions  increase 
rapidly  with  increasing  paramagnetic  center  concentration,  it  becomes 

understandable  why  appreciable  Increase  in  the  center  concentration 

i 

causes  the  amplifier  to  stop  operating. 

The  linear  amplifier  theory  which  we  have  presented  can  be  re¬ 
garded  as  correct  if  the  "illumination"  power  of  frequency  v^-j^  is  suf¬ 
ficient  to  overcome  the  spin- lattice  relaxation  and  produce  saturation, 
but  is  still  not  large  enough  to  exceed  the  spin- spin  interactions  and 
bring  about  coherent  ordered  spin  systems.  In  other  words,  the  average 
time  Interval  necessary  for  the  spin  reorientation  under  the  Influence 
of  the  saturating  rate  of  frequency  field  must  exceed  the  spin- spin 
relaxation  time.  If  this  condition  is  not  satisfied,  nonlinear  effects 
arise  [60]  which  result  in  a  paramagnetic  amplifier  of  the  parametric 
type.  Linearity  can  be  readily  maintained  if  the  spin- lattice  inter- 
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actions  are  much  weaker  than  the  spin-spin  ones.  The  latter  condition 
Is  usually  satisfied  in  most  media  at  low  temperatures  and  not  too  low 
paramagnetic  center  concentrations. 

It  is  interesting  to  note  that  the  temperature  which  deter¬ 
mines  the  minimum  value  of  the  noise  figure,  may  turn  out  to  be  much 
lower  when  the  amplifier  is  excited  by  the  saturation  method  than  the 
temperature  of  the  working  medium.  Indeed,  if  we  assume  h\>^2> 

then  it  follows  from  (8.33)>  (8.3^)  and  (8.46)  that 


—  T 


T  —  T- 

'  m  —  '  t 


Vtl 

Vm 


(8.49) 


If  we  can  neglect  in  this  expression,  we  obtain  by  suitable 

choice  of  the  energy  Intervals. 

2.  Choice  of  medium 

The  first  and  principal  problem  that  must  be  solved  in  the  pro¬ 
duction  of  a  paramagnetic  amplifier  is  the  choice  of  a  medium  with 
suitable  properties.  The  working  medium  of  a  three-level  amplifier 
must  satisfy  the  following  main  requirements:  a)  the  number  of  spin 
levels  of  the  paramagnetic  particle  should  exceed  2,  and  consequently 
particles  with  effective  spin  S'  =  1/2  are  eliminated;  b)  the  split¬ 
tings  of  the  spin  levels  in  the  crystal  field  in  the  absence  of  an 
external  magnetic  field  (Initial  splittings)  should  be  of  order 
in  order  to  attain  saturation  readily  at  the  frequency  of  the  auxili¬ 
ary  radiation;  if  the  initial  splittings  are  small,  then  the  only 
magnetic  dipole  transitions  that  differ  noticeably  from  zero  are 
those  between  neighboring  spin  levels;  c)  the  probabilities  of  the 
spin-lattice  relaxation  transitions  should  be  sufficiently  small  so 
that  saturation  sets  in  at  attainable  elimination  powers;  d)  the  re¬ 
lation  between  the  probabilities  of  the  relaxation  transitions  should 
satisfy  for  different  spin  level  pairs  the  condition  (8.47);  e) 
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the  number  of  magnetically  nonequivalent  Ions  per  elementary  crystal 
cell  should  be  as  small  as  possible;  f)  absence  of  hyperflne  structure 
of  the  energy  levels  Is  the  most  favorable;  g)  the  width  of  the  Indi¬ 
vidual  spin  levels  due  to  the  spin-spin  interactions  should  be  suf¬ 
ficiently  small  so  that,  first,  the  spin  levels  do  not  overlap  and 
second,  that  saturation  can  be  reached  sufficiently  readily;  it  is 
therefore  necessary  that  the  chosen  medium  be  magnetically  diluted  In 
an  isomorphous  diamagnetic  substance;  h)  finally,  there  are  require¬ 
ments  that  do  not  concern  the  magnetic  properties  of  the  medium: 
chemical  stability,  low  dielectric  losses,  sufficient  mechanical 
strength. 

It  must  be  noted  that  of  great  importance  to  the  operation  of  a 
paramagnetic  amplifier  Is  the  longitudinal  relaxation  mechanism.  If 
the  latter  is  defined  as  the  rate  of  energy  transfer  from  the  system 
of  effective  lattice  oscillators  to  the  helium  thermostat,  then  the 
resonance  saturation  due  to  transitions  between  levels  and  may 
Influence  the  populations  of  other  levels  (see  §5.^).  Unfortunately, 
the  available  experimental  data  are  Incomplete  and  scanty  and  conse¬ 
quently  the  question  of  the  nature  of  paramagnetic  relaxation  in  dif¬ 
ferent  substances  Is  still  debatable.  Bloembergen  [6l]  states  that  the 
very  existence  of  three- level  amplifiers  at  temperatures  below  4.2°K 
indicates  that  longitudinal  relaxation  In  the  employed  paramagnetic 
crystals  Is  not  determined  by  the  coupling  between  the  effective 
lattice  oscillators  and  the  helium  thermostat.  However,  he  admits  the 
possibility  that  the  bottleneck  of  the  energy  transfer  from  the  spin 
system  to  the  lattice  are  the  phonon-phonon  interactions.  Strandberg 
[62,  63],  in  an  analysis  of  the  results  of  experiments  with  three- 
level  amplifiers,  reached  the  conclusion  that  the  phonon-phonon  pro¬ 
cesses  play  an  appreciable  role.  On  the  basis  of  subsequent  investl- 


-  438  - 


gatlons  Bloembergen  [122]  reached  the  conclusion  that  all  the  effects 
observed  by  Strandberg  could  be  attributed  to  cross-correlation. 

The  only  ones  among  the  various  paramagnets  capable  of  satisfying 
the  foregoing  requirements  are  apparently  crystals  containing  Ions  of 
the  Intermediate  groups.  The  most  investigated  among  these  are  the 
compounds  of  the  iron  group  of  elements.  We  know  that  in  most  crystals 
the  iron  group  ions  have  a  surrounding  of  octahedral  symmetry;  these 
are  the  compounds  we  shall  consider  primarily. 

1267 

In  this  case  ions  with  electron  configuration  d  ,  d  ,  d°,  d'  have 
very  short  spin-lattice  relaxation  times  (see  §5*3).  Therefore, 

4+ 

naturally,  we  eliminate  from  consideration  the  compounds  of  Ti“^  ,  V  , 
2+  2+ 

V~^,  Cr  and  Co  .  The  ions  that  remain  suitable  from  this  point  of 
view  are  Cr^,  Cr^'*',  Mn^,  Mn^'*’,  Pe^'*’,  Nl^'*’  and  Cu^"^.  Among  these 

ions,  copper  has  a  spin  S  =  1/2,  so  that  its  compounds  are  not  suit¬ 
able  for  three- level  amplifiers;  however,  the  presence  of  a  hyperfine 
structure  in  the  paramagnetic  resonance  line  of  copper  apparently 

makes  it  possible  to  use  its  salts  to  produce  an  amplifier  at  fre- 
8  9 

quencles  10  —  10  cps  [64].  Further,  the  ions  of  vanadium  and  man¬ 
ganese  are  little  suitable  because  they  have  a  large  nuclear  spin 
;  I  =  7/2,  Mn^^  :  I  =  5/2) .  We  are  thus  left  for  our  primary 
choice  ions  of  divalent  and  trlvalent  chromium,  trlvalent  iron,  and 
divalent  nickel. 

We  have  seen  in  §3*9  that  It  is  necessary  to  distinguish  between 

paramagnetic  complexes  with  a  small  fraction  of  covalence  and  those 

with  strong  covalent  bonds.  The  only  compounds  with  strong  covalent 

bonds  suitable  for  our  purposes  are  those  containing  Cr~^;  atoms  with 
1  5 

configuration  de  and  de  will  have  an  effective  spin  S  =  1/2.  Atoms 

2  4 

with  configuration  de  and  de  have  S  =  1,  but  their  initial  spin 
level  splittings  are  apparently  too  large.  The  atom  Cr^  has  a  de^  con- 
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figuration,  and  is  in  an  effective  S  state  with  spin  S  =  3/2.  It  is 
analagous  to  the  Fe“^  and  Mn  ions  in  compounds  with  weak  bond. 

Let  us  dwell  in  somewhat  greater  detail  on  different  compounds  of 

the  iron  group  ions  selected  by  us. 

2+ 

Cr  .  S  =  2.  Salts  of  divalent  chromium  are  chemically  less  stable 
than  all  others.  In  addition,  this  ion  in  a  cubic  field  has  a  double 
lower  orbital  level j  the  orbital  degeneracy  is  lifted  by  a  weak  field 
of  lower  symmetry,  and  consequently  we  can  expect  the  initial  split¬ 
tings  of  the  spin  levels  in  the  crystalline  field  to  be  too  large. 

This  is  confirmed  by  the  only  substance  investigated  to  date,  CrSOj^  • 

*  5H2O,  for  which  the  spin  Hamiltonian  constant  is  D  =  2.24  cm“^, 
which  would  require  the  use  of  a  wave  four  millimeters  long  for  illumi¬ 
nation. 

Cr^  S  =  3/2.  Compounds  of  this  ion  have  been  well  investigated; 
they  have  relatively  long  sp*n- lattice  relaxation  times;  the  zero 
level  splittings  of  many  lie  in  a  convenient  region  of  standard  micro- 
wave  frequencies.  Prom  among  the  compounds  of  this  ion,  the  hexa- 
cyanide  of  chromium  and  corundum  doped  with  Cr"^  are  already  used  as 
working  media  for  amplifiers. 

Pe^.  S  =  5/2.  The  free  Ion  is  in  the  S  state.  The  relaxation 

times  are  of  the  same  order  as  in  Cr"^.  The  initial  splittings  of  the 

spin  levels  are  large  in  some  cases.  Pe”^  compounds  may  be  of  interest 

for  the  construction  of  an  amplifier  without  the  use  of  a  constant 

magnetic  field  [65,  42]  or  with  the  use  of  weak  magnetic  fields,  for 
3+ 

the  Pe“^  ions  have  three  spin  levels  even  in  the  absence  of  a  magnetic 
field. 

2+  2+ 

Ni  .  S  =  1.  At  first  glance  Ni  is  the  most  suitable  for  use  in 
working  medium  compounds,  in  view  of  the  fact  that  this  ion  has  only 
three  spin  levels.  However,  an  attempt  at  creating  an  amplifier  using 


nickel  fluorosillcate  [68]  was  not  successful  because  of  the  excessive¬ 
ly  short  relaxation  time  and  owing  to  Internal  stresses  in  the 
crystal,  which  have  led  to  an  excessive  broadening  of  the  paramagnetic 
resonance  lines.  There  are  many  known  paramagnetic  salts  of  divalent 
nickel  the  only  Investigated  magnetic  property  of  which  is  the  static 
susceptibility.  It  la  possible  that  some  of  them,  unlike  nickel  fluoro¬ 
sillcate,  turn  out  to  be  suitable.  We  note  that  if  the  symmetry  of  the 

2+ 

crystalline  field  surrounding  the  N1  Ion  is  so  low  that  the  spin 

Hamiltonian  contains  terms  of  the  type  E(S^  —  Sy),  then  the  spin  de¬ 
generacy  will  be  lifted  even  in  the  absence  of  an  external  magnetic 

2+ 

field.  Such  compounds  of  Ni  may  possibly  turn  out  to  be  suitable  for 
an  amplifier  without  the  use  of  a  constant  magnetic  field  [65]. 

So  far  we  have  considered  octahedral  paramagnetic  complexes.  An 
analysis  of  the  structure  of  the  energy  levels  of  the  iron  group  Ions 
in  a  tetrahedral  surrounding  shows  that  for  some  reason  or  another 
(short  spin-lattice  relaxation  time,  large  hyperfine  structure,  etc.) 
the  only  promising  compounds  of  this  type  can  be  only  the  salts  of  di¬ 
valent  iron,  which  of  course  must  be  diluted  by  suitable  diamagnets. 

From  among  the  group  of  rare  earth  elements,  only  compounds  of 
2+ 

Gd“^  and  Eu  Ions  in  the  S  state  can  be  used,  and  in  the  remaining 

ions  of  this  group  the  spin-lattice  relaxation  times  are  excessively 
2+ 

short.  Eu  is  less  suitable  because  of  its  appreciable  hyperfine 
structure.  The  spin  of  Gd^  Is  S  =  7/2  and  in  the  absence  of  an  ex¬ 
ternal  magnetic  field  there  are  four  spin  levels,  making  compounds 
of  Gd”^  promising  for  the  construction  of  an  amplifier  without  a  mag¬ 
netic  field. 

The  magnetic  complexes  of  compounds  of  thepalladium  and  platinum 
group  elements  are  characterized  by  a  strong  covalent  bond.  Therefore, 
in  accordance  with  the  considerations  advanced  with  respect  to  com- 
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pounds  of  the  iron  group,  the  only  complexes  suitable  for  our  purpose 
can  be  those  with  electron  configuration  de^,  that  is,  complexes  con¬ 
taining  trivalent  molybdenum,  trivalent  tungsten,  and  pentavalent 

4+ 

ruthenlum.  Complexes  containing  Re  are  not  suitable  since  the  nuclear 
spin  of  Re^®5  or  Re^®"^  is  5/2. 

Most  elements  of  the  actinide  group  are  radioactive.  The  uranium 
compounds  have  been  little  investigated.  It  is  possible  that  some  of 

i 

the  compounds  of  trivalent  and  tetravalent  uranium  will  be  found  suit¬ 
able. 

Concluding  the  review  of  the  substances  that  offer  promise  as 

being  useful  in  three-level  amplifiers,  we  note  in  addition  the  cubic 

lattice  crystals  of  the  type  MgO,  CaO,  CaPg,  in  which  ions  of  Cr^'*’, 
3+3+2+ 

Fe“^,  Gd-^,  Mn  ,  etc.,  are  Introduced.  The  paramagnetic  resonance  ab¬ 
sorption  lines  observed  in  these  cases  are  very  narrow  (in  Cr^^,  for 
example,  the  line  width  is  merely  3  oersted) .  It  is  possible  that 
these  substances  will  find  application  in  amplifiers  at  relatively 
low  frequencies. 

3.  Choice  of  orientation  of  constant  magnetic  field 

The  orientation  of  the  constant  magnetic  field  relative  to  the 
crystal  axes  determines  important  characteristics  of  the  working 
medium  of  a  three-level  amplifieij  such  as  the  position  of  the  spin 
energy  levels,  the  probabilities  of  transitions  between  them  under 
the  Influence  of  the  alternating  magnetic  field,  and  the  probabilities 
of  transitions  under  the  influence  of  the  lattice  vibrations.  The  de¬ 
pendence  of  the  probabilities  of  the  relaxation  transitions  between 
the  different  spin  levels  on  the  constant  magnetic  field  has  hardly 
been  Investigated.  The  positions  of  the  spin  levels  and  the  proba¬ 
bilities  of  the  magnetic  dipole  transitions  between  them  can,  on  the 
other  hand,  be  calculated  if  we  know  the  parameters  of  the  spin 


-  442  - 


Hamiltonian  (see  Chapter  III). 

In  choosing  the  direction  of  the  magnetic  field  it  Is  Important 
to  have  not  only  suitable  energy  intervals,  which  give  the  required 
values  of  the  frequencies  V22  (or  it  Is  also  important 

to  have  the  probabilities  of  the  magnetic  dipole  transitions,  '£>^2 
(or  pg^)  and  p^-j^  (l-3)i  sufficiently  large.  If  p^g  (or  Pg^)  is  small, 
then  the  gain  will  be  small j  If  p^-j^  is  small,  a  large  elimination 
power  is  necessary  to  obtain  the  saturation  effect.  Therefore,  as  al¬ 
ready  mentioned,  the  spin  level  splittings  due  to  the  application  of 
an  external  static  magnetic  field  should  not  exceed  greatly  the 
initial  crystal  splittings.  If  the  external  magnetic  field  is  very 
large,  then  the  spin  levels  will  be  practically  equidistant,  and 
transitions  under  the  Influence  of  the  radio  frequency  field  will  be 
possible  in  practice  only  between  neighboring  levels,  and  consequently 
Illumination  will  not  be  feasible. 

In  the  case  when  S  ^  3/2  the  spin  Hamiltonian  has  a  very  simple 
form,  since  the  part  in  it  representing  the  action  of  the  crys¬ 
talline  field  contains  only  quadratic  terms  in  the  components  of  the 
spin  vector  S.  If  the  field  has  trigonal  or  a  tetragonal  symmetry, 
then  —  l/3S(S  +  l)];  the  symmetry  axis  coincides  here  with 

the  Z  direction.  If  the  static  magnetic  field  H  Z,  then  the  spin 
Hamiltonian  represents  a  diagonal  matrix  and  consequently  the  selec¬ 
tion  rule  am  =  +  1  holds  true  for  the  magnetic  dipole  transitions. 

The  possibilities  for  choosing  suitable  transitions  for  obtaining  the 

required  values  of  v  (or  Vg^^)  and  are  clear  from  Pig.  1.3.  If 

,-*2  ^2\ 

the  spin  Hamiltonian  contains  also  a  rhombic  term  E(S  —  S  )  = 

X  y 

=  l/2E(S^  +  §f)  then  the  latter,  obviously,  causes  an  overlap  of  the 
states  in  which  the  quantum  numbers  of  the  spin  projection  on  the  Z 
axis  differ  by  +2,  that  is,  states  with  M  =  —1,  M  =  -i-1  in  the  case 
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S  =  1,  states  with  M  =  -3/2,  M  =  l/2,  M  =  -l/2,  M  =  3/2  In  the  case 
with  S  =  3/2.  The  number  of  level  pairs  between  which  transitions 
are  allowed  now  Increases. 

We  note  that  In  the  case  of  an  even  number  of  electrons,  a  rhombic 
field  lifts  the  spin  degeneracy  completely,  so  that  for  Ions  with  S  =  1 
we  have  three  definite  spin  levels  even  In  the  absence  of  a  magnetic 
field.  As  Indicated,  this  opens  up  the  possibility  of  using  compounds 
of  these  Ions  as  working  media  for  the  amplifier  without  the  use  of  a 
magnetic  field. 

Assume  now  that  the  field  Hq  Is  perpendicular  to  the  trigonal  or 
tetragonal  axis  of  the  crystal.  If  as  before  we  choose  Hq  1|  Z,  then 
the  term  [5^  —  l/3S(S  +1)]  becomes  1/2 and  causes  overlap- 
Ing  of  states  with  AM  =  +2  even  without  a  rhombic  field. 

In  the  case  S  =  5/2  (and  S  =  7/2)  the  form  of  the  spin  Hamiltonian 
becomes  appreciably  more  complicated,  for  It  represents  a  fourth 
(sixth)  degree  polynomial  In  the  components  of  the  spin  vector  S.  The 
position  of  the  spin  levels  and  the  selection  rules  will  depend  es¬ 
sentially  on  the  relationships  between  the  values  of  the  different 
spin  Hamiltonian  parameters. 

Under  certain  orientations  of  the  constant  magnetic  field,  a 
symmetrical  energy  splitting  is  possible,  making  It  possible  to  cause 
illumination  at  a  single  frequency  to  produce  transitions  between  two 
pairs  of  spin  levels.  The  use  of  such  a  symmetrical  version  Increases 
the  gain  by  several  times. 

We  know  that  In  the  presence  of  Initial  crystalline  splittings 
of  the  spin  levels  the  resonant  absorption  Is  possible  not  only  when 
the  static  and  alternating  magnetic  fields  are  mutually  perpendicular. 
To  find  the  optimal  conditions  of  amplifier  operation  It  Is  necessary 
also  t6  take  Into  account  the  dependence  of  the  absorbed  power  of 
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radio  frequency  field  on  its  orientation  relative  to  the  constant  mag. 
netic  field  and  to  the  crystal  axes. 

In  conclusion  we  note  that  amplifiers  operating  without  an  ex¬ 
ternally  applied  magnetic  field  apparently  assume  great  significance 
[42],  Such  amplifiers  would  have  many  advantages:  l)  no  electromagnet 
is  necessary;  the  difficulties  Involved  in  attaining  high  homogeneity 
of  the  magnetic  field,  current  stabilization,  and  large  working  space 
are  eliminated;  2)  no  single  crystals  are  necessary;  3)  all  the  ions 
of  the  crystal  cell  are  used;  4)  superconductors  can  be  used  in  the 
construction  of  the  microwave  circuit;  5)  the  dimensions  of  the  Dewar 
are  not  limited  to  the  gap  between  poles;  6)  there  is  no  broadening 
due  to  the  scatter  of  the  angles  between  the  crystal  axes  and  the 
magnetic  field. 

TABLE  8.1 

Initial  Splittings  of  Spin  Levels  in  Substances 

Containing  Pe^,  Ni^'*’,  and 


1  )  Hoii 

2  ^CUieCTM 

^  pactuen^cHHt,  eM~i 

*1 

** 

Fe*+ 

RbFc(S0«),.l2H,0 

0,043 

0,002 

NH,Fe(S04),.|2H,0 

0;085 

0,0U 

KFc(SO,),  •  I2H,0 

0,043 

0,025 

1 

Fc((CH,CO),CH], 

0,28 

0,14 

BaTiO, 

0,332 

0,166 

SrTiO, 

0,023 

0,044 

1 

(NH,CH,)Fe(SO,),  •  I2H,0 

0,134 

0,48 

AI,0, 

0,38 

0,63 

Al,Be.(SlO,), 

0,05 

0,06 

MgWO, 

2,05 

2,52 

Nl*+ 

(NH4),Ni(SO',),  •  6H,0 

■1.5 

0,97 

(NH,),Ni(ScO,),-6H,0 

0,91 

1,64 

TI,Ni(Se04)f6H,0 

2,5 

0,2 

K,Ni(SO,),.6H,0 

2,95 

1,1 

NiS0,.7H,0 

2,0 

3,0 

ad*+ 

Mg,Od,(NO,)„.24H,0 

0,0766 

0,0479 

0,0246 

Gda,.7H,0 

0,0827 

0,0504 

0,0243 

QdQ. 

0,0087 

0,00077 

0,00065 

ad(C,H,SO,),-9H,0 

0,131 

0,085 

0,0466 

0d,(SO,),-8H,O 

0,291 

0,055 

0,908 

1)  Ion;  2)  substance;  3)  initial  splittings,  cm' 


Table  8.1  gives  the  initial  splittings  of  the  spin  levels  of 
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paramagnetic  centers  for  substances  that  can  be  used  in  amplifiers 
without  field  as  of  now. 

4.  Amplifier  with  gadolinium  ethyl  sulfate 

The  first  three-level  paramagnetic  amplifier  [66,  67]  was  con¬ 
structed  with  diamagnetic  lanthanum  ethyl  sulfate  containing  0.5^ 
gadolinium  and  0.2^  cerium.  The  role  of  the  active  paramagnetic  cen¬ 
ters  was  played  by  the  Qd^'*'  ions.  A  static  magnetic  field  of  intensity 
1800  oersted  was  placed  perpendicular  to  the  symmetry  axis  of  the 
crystal.  Of  the  eight  spin  levels  of  Gd^'*',  which  we  shall  designate  In 
accordance  with  the  value  of  the  magnetic  quantum  number  in  a  strong 
magnetic  field,  the  following  three  neighboring  ones  were  used:  M  = 

=  —5/2,  —3/2  and  — l/2.  The  illumination  frequency  was  v(— l/2,  —5/2)  = 

=  11,500  megacycles,  the  signal  frequency  was  v(— 3/2,  —5/2)  =  60OO 
megacycles,  the  magnetic  field  of  signal  and  the  magnetic  field  of  the 
illumination  were  perpendicular  and  parallel  to  the  static  field  Hq, 
respectively.  The  frequencies  v(— 1/2,  —3/2)  and  v(-3/2,  —5/2)  were  so 
close  to  each  other  that  in  order  to  invert  the  populations  of  the 
levels  M  =  —5/2  and  M  =  —3/2  it  is  necessary  to  have,  in  accordance 
with  (8.43)  A(— 1/2,  — 3/2)  >  >A(— 3/2,  —5/2).  This  requirement  can  be 
readily  satisfied  by  using  a  small  admixture  of  Ce.  The  described  ex¬ 
perimental  conditions  are  such  that  the  interval  between  the  spin 

levels  of  Ce^  is  precisely  equal  to  the  interval  (—1/2,  —3/2)  of  the 

^  'Vi-  —4 

Id-^  ion.  The  spin-lattice  relaxation  time  of  Id”^  is  about  10  sec 

at  helium  temperatures,  and  the  relaxation  time  of  Oe-^  is  several 
orders  of  magnitude  shorter.  Because  of  the  resonant  spin  interaction 
of  gadolinium  and  cerium,  the  spin  levels  of  Ce“^  are  rapidly  ex¬ 
cited  as  a  result  of  the  transitions  M  =  —1/2  -♦  M  =  —3/2  of  the  Qd^ 
ion.  The  excited  Ce  ions  transfer  in  turn  their  energy  to  the  lat¬ 
tice  vibrations  very  rapidly. 
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The  lllvunlnatlon  was  effected  by  means  of  a  radio- frequency  field 
of  88  mW  power.  The  resonant  cavity  had  a  Qq  »  6000.  The  gain  reached 
an  order  of  20  db  at  a  band  width  of  about  lO^cps.  The  effective  noise 
temperature  of  the  entire  Installation,  Including  the  circulator  and 
the  control  unit,  was  approximately  150°K,  but  it  can  be  greatly  re¬ 
duced  in  many  ways. 

Owing  to  the  chemical  Instability  of  gadolinium  ethyl  sulfate, 
it  is  hardly  likely  that  it  will  assume  a  practical  significance  as  a 
working  medium  for  paramagnetic  amplifiers. 

5.  Amplifier  with  chromium  hexacyanide 

The  exceedingly  long  longitudinal  relaxation  time,  on  the  order 
of  0.2  sec  at  1.25°K,  has  attracted  attention  to  chromium  hexacyanide 
as  a  working  medium  for  a  paramagnetic  amplifier  [68].  The  substance 
used  in  practice  was  the  diamagnetic  salt  K2Co(CN)g,  which  contained 
0.5^  of  chromium.  In  the  complex  Cr(CN)g  there  is  a  very  strong  co¬ 
valent  bond  (see  §3.8) >  owing  to  which  the  electron  configuration 

3 

de  gives  a  zero  resultant  orbital  momentum  and  a  i’esultant  spin 
S  =  3/2.  The  upper  three  of  the  four  spin  levels  were  used:  M  =  3/2, 
1/2,  —1/2,  the  signal  frequency  was  v(3/2,  1/2)  =  2800  megacycles, 
the  illumination  frequency  was  v(3/2,  -1/2)  megacycles.  In  this  case 
there  was  no  need  to  take  any  measures  to  satisfy  the  condition 
(8.47),  since  v(l/2,  — 1/2)  >>v(3/2,  1/2).  The  central  part  of  the  am¬ 
plifier,  a  resonant  cavity,  had  to  be  specially  constructed  in  order 
to  be  able  to  excite  simultaneously  oscillations  at  both  the  signal 
and  Illumination  frequencies. 

Figure  8.8  shows  a  block  diagram  of  the  installation,  with  the 

aid  of  which  a  gain  of  37  db  was  obtained  with  a  band  width  of  2.5  * 

4 

*  10  cps.  It  was  possible  to  obtain  saturation  with  1  milliwatt  of 
power.  No  change  was  noticed  In  the  gain  as  the  signal  power  was 
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Fig.  8.8.  Block  diagram  of  microwave  amplifier 
Installation  [68]. 

1)  Generator  2800  megacycles  (75  mv);  2)  vari¬ 
able  attenuator,  50  db  maximum;  3)  matching 
load;  4)  generator  9400  megacycles  (50  mv); 

5]  crystal  modulator;  6)  directional  coupler; 

7)  bolometer,  8)  power  meter;  9)  amplified  In¬ 
put  signal;  10|  generator  100  kcs;  11)  ferrite 
circulator;  12)  saturated  power;  13)  direction¬ 
al  coupler,  30  db;  l4)  low  pass  filter  (micro- 
wave  band;  15)  spectrum  analyzer;  l6)  variable 
attenuator;  17)  output  of  amplifier;  l8)  to 
vacuum  pump;  19)  thermostat  with  liquid  nitro¬ 
gen;  20)  thermostat  with  liquid  helium;  21)  de¬ 
tector;  22)  cathode  ray  oscilloscope;  23)  mag¬ 
net  pole  piece;  24)  resonant  cavity  with  work¬ 
ing  medium. 

Increased  from  10”^^  to  10~^®  watt;  a  further  Increase  In  the  power 
resulted  In  a  decrease  In  the  gain  and  an  Increase  In  the  band  width. 

It  was  shown  experimentally  that  the  relation  g  B  =  const  (8. 31) 
holds  true  with  great  accuracy  If  the  volume  of  the  medium  and  the 
configuration  of  the  resonant  cavity  remain  unchanged.  It  was  found 
in  this  case  that  g^B  =1.8  megacycles  while  theoretical  calculations 
gave  a  close  value  of  about  2.6  megacycles. 

Chromium  hexacyanlde  was  used  [69]  also  to  produce  an  amplifier 
at  a  frequency  of  1373  megacycles  (the  frequency  of  the  Interstellar 
hydrogen  line).  The  Illumination  was  at  a  frequency  of  8OOO  megacycles. 
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With  the  aid  of  9  milliwatts  of  illumination,  the  apparatus  turned 
Into  a  generator.  Chromium  hexacyanlde  was  also  used  by  others  to 
build  an  amplifier  [62,  70]. 

6.  Ruby  amplifier 

Corundum  with  chromium  added  (ruby)  Is  used  to  produce  amplifiers 
for  different  frequencies  [71,  72].  Ruby  has  the  following  favorable 
distinguishing  properties:  a)  the  initial  crystalline  splitting  is  of 
the  order  of  the  most  widely  used  frequencies  In  practice;  b)  rela¬ 
tively  long  time  of  longitudinal  relaxation,  0.1  sec  at  4.2°K;  c)  the 
crystal  cell  contains  only  1  Cr-^  Ion  or  the  A1  Ion  which  Is  iso- 
morphous  to  It;  d)  low  dielectric  losses;  e)  high  mechanical  strength 
and  chemical  stability;  f)  good  heat  conductivity. 

Makov  et  al.  [71]  constructed  an  amplifier  for  a  signal  frequency 
v(— 1/2,  l/2)  =  9300  megacycles;  the  illumination  was  at  v(— 3/2,  l/2)  = 
=  24,000  megacycles;  the  static  magnetic  field  of  intensity  4200  oer¬ 
sted  was  at  an  angle  54°  44*  to  the  trigonal  axis  of  the  crystal.  The 
chromium  concentration  in  the  specimen  employed  was  0.1%.  The  illumina¬ 
tion  was  with  the  aid  of  a  klystron  with  120  milliwatts  of  power.  The 
gain  reached  20  db. 

Prokhorov  et  al.  [72]  produced  an  amplifier  at  a  frequency 
v(— 1/2,  1/2)  a  3000  megacycles  with  an  illumination  frequency 
v(3/2,  -1/2)  =  15,000  megacycles.  When  the  temperature  was  reduced  to 
2°K,  the  system  became  self  excited  and  operated  as  a  generator. 

A  recent  communication  [117]  reports  on  a  paramagnetic  amplifier 
using  a  ruby  with  traveling  wave  (that  is,  of  the  wave  guide  type), 
having  the  following  parameters;  gain  approximately  25  db,  band  width 
approximately  23  megacycles,  noise  temperature  approximately  10°K, 
working  frequency  tunable  within  several  per  cent  near  an  operating 
point  of  approximately  6000  megacycles.  Practical  realization  of  such 
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an  amplifier  became  possible  by  using  slow-wave  systems. 

In  the  case  of  ruby,  the  dependence  of  the  spin  level  splitting 

on  the  field  and  on  its  inclination  to  the  optical  axis  of  the 

crystal  were  plotted  [ll8]  and  investigations  were  made  of  the  influ- 

2+ 

ence  of  the  admixture  of  Co  ions  and  other  ions  on  the  probability 
of  the  relaxation  transitions  [119]. 

7.  Amplifier  using  corundum  with  Fe^  impurity 

Kornienko  and  Prokhorov  [3^3  constructed  an  amplifier  for  a  fre¬ 
quency  of  about  10,000  megacycles  with  an  illumination  frequency  of 

! 

about  25,000  megacycles,  using  as  the  working  medium  corundum  with 
iron  ions  added.  The  optical  axis  of  the  crystal  made  a  small  angle 
with  the  direction  of  the  constant  magnetic  field.  We  shall  denote  the 
spin  levels  by  the  magnetic  quantum  numbers  that  can  be  ascribed  to 
them  in  a  strong  field  Hq.  The  levels  with  M  =  —3/2,  —1/2  were  used 
for  the  amplification  and  the  levels  M  =  —  5/2,  —1/2  for  illumination. 
We  note  that  since  the  spin  Hamiltonian  of  the  Pe“^  ions  contains 
terms  with  not  only  axial  but  also  cubic  symmetry,  transitions  between 
any  pair  of  the  selected  levels  are  allowed. 

§8.6.  Optical  Methods  of  Investigating  Paramagnetic  Resonance 

Many  interesting  results  were  obtained  in  recent  years  with  the 
aid  of  experiments  consisting  of  applying  simultaneously  to  gases 
electromagnetic  radiations  at  two  different  frequencies  in  the  optical 
and  in  the  radio  bands.  Investigations  of  this  type  were  carried  out 
both  with  atoms  (or  molecules)  whose  ground  state  is  a  singlet  one 
and  consequently  nonmagnetic,  and  with  atoms  which  are  paramagnetic 
in  the  ground  state.  In  the  former  case  the  radio  frequency  resonance 
occurs  in  the  optically  excited  atoms,  and  in  the  latter  it  occurs  on 
atoms  in  the  ground  state. 
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1.  Resonance  on  optically  excited  atoms 


The  idea  of  paramagnetic  resonance  experiments  on  optically  ex- 
cited  atoms  was  advanced  In  19^9  [73»  7^1  and  consists  of  the  follow¬ 
ing.  Let  us  consider  an  assembly  of  diamagnetic  atoms  placed  in  a 
static  magnetic  field  Hq  and  subject  to  the  action  of  polarized  light 
of  resonant  frequency.  The  excitation  of  the  atoms  will  obviously  be 
selective.  If  the  atoms  are  paramagnetic  in  the  excited  state,  then 
only  some  of  the  Zeeman  sublevels  will  be  occupied.  Consequently,  the 
radiation  produced  upon  the  excitation  of  the  atoms  will  be  polarized. 
The  radio  frequency  field,  producing  transitions  between  the  Zeeman 
sublevels,  changes  the  character  of  the  polarization  of  the  emitted 
light.  Thus,  measurements  of  the  polarization  of  the  emitted  light 
make  It  possible  to  establish  the  occurrence  of  magnetic  resonance. 

The  investigation  method  which  we 
have  described  was  first  experimentally 
realized  by  Brossel  and  Bitter  [15],  who 
applied  it  to  even  Isotopes  of  mercury. 
Using  linearly  polarized  light,  they  ex¬ 
cited  the  2537  angstrom  ultraviolet  reso¬ 
nance  line  (6^Sq -*•  6^P^).  The  field  Hq  was 
applied  parallel  to  the  electric  vector  of 
the  light  wave.  In  this  case,  as  Is  well 
known  [76],  only  the  Zeeman  sublevel  M  =  0  Is  excited.  The  radiation 
therefore  contains  only  the  it  components.  Then  an  oscillating  magnetic 
field  of  frequency  v  =  2.9625  ’  10^^  cps  was  applied  perpendicular  to 
the  field  Hq.  By  varying  the  intensity  of  Hq,  the  resonance  condition 

hv  =  £^0^*0  attained,  where  g  =  1.5  Is  the  Lande  factor  for  the 
% 

state  “^P^.  Owing  to  the  transitions  AM  =  +1,  produced  by  the  radio 
frequency  field,  circularly  polarized  components  appear  in  the  optical 
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Fig.  8.9.  Scheme  of  mag¬ 
netic  resonance  on  op¬ 
tically  excited  mercury 
atoms . 


y 


radiation.  The  dashed  lines  show  the  transi¬ 
tions  arising  as  a  result  of  the  radio  fre¬ 
quency  field.  In  Pig.  8.10  curve  I  gives  the 
dependence  of  the  intensity  of  the  a  compo¬ 
nents  on  the  field  Hq.  The  maximum  Intensity 
corresponds  to  a  field  Intensity  H*q  satisfy¬ 
ing  the  resonance  condition. 


Pig.  8.10.  Stark 
effect  on  the  2537 
angstrom  mercury 
resonance  line. 

I)  Plot  of  the  de¬ 
pendence  of  the  G 
components  of  radia¬ 
tion  produced  under 
magnetic  resonance 
conditions  on  the 
field  HqJ  II)  plot  of 

the  same  dependence 
upon  superposition  of 
an  electric  field  E  = 
=  4o  kv/cm. 
l)  Kllooersteds. 


The  method  described  makes  It  also  pos¬ 
sible  to  investigate  the  Stark  effect  with 
great  accuracy.  Blamont  [77]  produced  parallel 
to  Hq  an  electric  field  E  =  40  kv/cm.  In  the 
absence  of  the  field  E,  the  energy  Intervals 
0  -♦  1  and  — 1  0  are  equal,  and  therefore 

only  the  resonance  line  I  appears  (Pig.  8.10). 
The  levels  M  =  0  and  M  =  +  1  shift  different¬ 
ly  in  the  electric  field  E;  this  causes  the 
appearance  of  two  resonance  lines  (curve  II 


in  Pig.  8.10).  Within  the  limits  of  the  measurement  accuracy,  it  was 


shown  that  the  effect  is  quadratic.  The  Interval  between  the  resonance 


peaks  is 


=  (8.50) 

where  the  Stark  constant  is  K  =  (2.13  +  0.05)  ‘  10^  cps/kv  ’  cm~^ . 

2.  Magnetic  resonance  line  shape 

If  the  gas  is  highly  rarefied  so  that  Nq  <  10^^  then  the  width  of 
the  optical  resonance  line  av  =  gPAH  is  determined  by  the  lifetime  tQ 
of  the  excited  state.  According  to  the  uncertainty  relation 

I  h 


4'^ 


(8.51) 


If  the  width  ah  is  estimated  from  curve  I  of  Pig.  8.10,  we  obtain  for 
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the  lifetime  at  the  level  t^  =  1.19  ‘  10“^  sec,  which  Is  In  good 

agreement  with  the  pure  optical  data.  The  double  resonance  method  was 
used  [78]  also  to  determine  the  much  shorter  lifetime  at  the  excited 
level  7^S^. 

It  is  easy  to  show  [75]  that  the  shape  of  the  resonance  line  Is 
given  by  the  following  expression: 


00  f 


(8.52) 


where  y  is  the  relative  Intensity  of  the  line  and  P(M,  M',  t)  is  the 
probability  that  a  transition  M'  will  occur  within  a  time  t.  This 
probability  is  calculated  by  means  of  the  well  known  Majorana  formula 
[79].  For  the  line  6^Sq  we  obtain  in  this  manner 


(8.53) 


Here  o)  =  47r(v  —  v^) .  Under  resonance 


I'pcs  —  — 


conditions  cu 


0  and  consequently 
(8.54) 


If  the  amplitude  of  the  alternating  field  is  small,  then  the  width  of 
the  resonance  curve  can  be  detennined  from  the  following  approximate 
formula: 


(Av)*  =  -^[l  +  I,45(iW].  (8.55) 

If  the  Zeeman  levels  are  shifted  by  the  Stark  effect,  then  formulas 

(8.53)  —  (8.55)  should,  of  course,  be  modified  [80]. 

3.  Mu'.tlple  coherent  photon  scattering 

Blamont  [77]  In  an  investigation  of  the  dependence  of  the  line 

width  y  (H)  on  the  vapor  density  for  the  even  isotopes  of  mercury, 
o 

obtained  the  following  unexpected  result:  an  Increase  in  density  is 
accompanied  by  noticeable  narrowing  down  of  the  resonance  line.  Thus, 
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for  example,  when  the  number  of  atoms  per  cubic  centimeter  Is  Increased 
from  10^^  to  10^^,  the  width  Is  reduced  to  one- third.  With  Increasing 
vapor  density,  the  number  of  collisions  between  atoms  Increases.  Under 
the  conditions  of  this  experiment  It  Is  evident  that  this  cause  of 
line  broadening  Is  Insignificant.  Detailed  Investigations  undertaken 
by  Brossel  et  al.  [8l]  have  shown  that  the  narrowing  down  depends  on 
the  dimensions  of  the  resonant  cavity;  It  Is  determined  by  the  concen¬ 
tration  of  the  Investigated  Isotope  only  and  Is  not  at  all  connected 
with  the  amount  of  other  Isotopes.  All  these  facts  have  been  ex¬ 
plained  by  the  circumstance  that  under  the  conditions  of  these  ex¬ 
periments  the  multiple  coherent  scattering  of  the  photons  plays  a 
major  role  [82]. 

The  process  of  multiple  photon  scattering  can  be  visualized  In 
the  following  fashion;  The  photon  Is  absorbed  by  atom  A,  which  Is  de- 
exclted  after  a  time  Interval  tQ;  the  photon  Is  then  absorbed  by  an¬ 
other  atom  B,  etc.  It  Is  Important  that  the  scattering  be  coherent; 
then  the  resonance  line  width  will  be  determined  not  by  the  lifetime 
tQ  but  by  the  "duration  of  coherence"  >  tQ.  Theoretical  analysis 
of  multiple  coherence  scattering  was  carried  out  long  ago  by  Welsskopf 
[83]. 

l4 

It  should  be  noted  that  when  Nq  >  10  ,  collisions  between  atoms 

begin  to  exert  a  noticeable  Influence  on  the  line  width. 

4.  Investigation  of  hyperflne  splittings 

So  far  we  have  assumed  that  the  Investigated  energy  levels  do  not 
have  hyperflne  structure.  If  the  nuclear  spin  Is  not  equal  to  zero, 
then  the  double  resonance  method  makes  It  possible  to  measure  with 
great  accuracy  the  hyperflne  splittings.  These  measurements  are  par¬ 
ticularly  valuable  when  J  =  0  or  1/2  In  the  ground  state,  and  conse¬ 
quently,  only  a  study  of  the  excited  states  makes  It  possible  to 
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determine  the  quadrupole moments  of  the  nuclei.  This  method  was  used 
for  an  analysis  of  the  hyperfine  structure  of  the  level  of  the 
zinc  atom  [84]  and  the  P3/2  following  alkaline  metal  atoms: 

sodium  [85],  potassium  [86],  rubidium  [87]  and  cesium  [88],  This 
method  was  used  to  determine  the  quadruple  moments  of  the  nuclei,  for 
which  the  following  values  were  obtained:  Na^^,  Q  =  (0.11  +  0.01)  ‘ 

•  10“^^  cm^;  Q  =  (O.ll  +  0.035)  '  10“^^  cm^;  Rb®^’  Q  = 

=  (0.29  +  0.02)  •  10“^^  cm^;  Rb®"^,  Q  =  (0.l4  +  O.Ol)  ‘  10“^^  cm^; 
Cs^^^,  Q  =  (—0.003  +  0.002)  *  10~^^  cm^.  Related  to  this  series  of 
investigations  is  the  work  done  on  the  Stark  effect  for  the  levels  of 
the  odd  mercury  Isotopes,  which,  as  is  well  known,  have  a  hyperfine 
structure  [89]. 

Rabl  [90]  supplemented  his  original  beam  method  by  optical  ex¬ 
citation  of  the  atoms.  Measurements  carried  out  in  this  way  have 
yielded  for  the  quadrupole  moments  of  alkali  element  nuclei  values 
that  agreed  with  those  mentioned  above. 

5.  Orientation  of  atoms  in  the  ground  state 

We  proceed  from  a  study  of  magnetic  resonance  on  optically  ex¬ 
cited  atoms  to  the  effect  on  the  ground  atomic  levels.  We  first  stop 
to  discuss  the  method  of  optical  pumping,  which  makes  it  possible  to 

orient  atoms  in  the  ground  state.  We  shall  Illustrate  the  idea  of  the 

2  2 

method  using  the  D2(  P3/2  ^ — *■  ^1/2^  lines  of  sodium.  For  simplicity 
we  first  neglect  the  hyperfine  structure  of  the  levels.  Let  the  sodium 
atoms  be  in  a  static  magnetic  field  Hq.  The  scheme  of  the  Zeeman 
splittings  arising  thereby  and  of  the  possible  electric  dipole  transi¬ 
tions  is  shown  in  Pig.  8.11.  Let  us  assume  that  a  circularly  polarized 
light  beam  propagates  along  the  field  Hq  and  gives  rise  to  the 
transitions  indicated  in  Pig.  8.11  by  the  solid  arrows.  Upon  de- 
excltatlon  of  the  so  excited  atoms,  the  greater  part  of  these  atoms 
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will  go  over  into  the  state  M  =  +1/2. 
After  multiple  repetition  of  this  pro¬ 
cess,  the  level  M  =  —1/2  becomes  empty, 
and  all  the  atoms  gather  at  level  M  = 

=  +1/2.  Thus,  as  a  result  of  the  optical 
pumping  all  the  atoms  will  be  oriented 
against  the  field  direction,  and  magneti¬ 
zation  to  saturation  will  set  in.  Ac¬ 
tually  the  orientation  of  the  atoms  will 
never  be  complete,  principally  as  a  result  of  collisions  with  the  walls 
of  the  vessel.  Experiments  show  that  it  will  nevertheless  be  appreci¬ 
able.  The  extent  to  which  the  atoms  are  oriented  can  be  evaluated  from 
the  character  of  the  polarization  of  the  radiation  emitted  by  the 
optically  excited  atoms.  In  our  example  of  the  Dg  sodium  line,  the 
radiation  will  contain  only  the  a  component  if  100%  atomic  orienta¬ 
tion  is  attained. 

The  idea  of  orienting  atoms  by  optical  pumping  was  advanced  by 
Kastler  [91]*  The  first  experiments  were  carried  out  with  atomic 
sodium  beams  [92,  93].  They  were  successfully  repeated  with  sodium 
vapor,  which  greatly  simplified  the  experimental  technique  [9^].  In 
addition  to  the  sodium  atoms  [95]»  other  alkaline  metals  were  later 
studied;  K  [96],  Rb  [97]  and  Cs  [98].  Various  modifications  of  the 
optical  pumping  method  were  proposed  and  realized  [99,  100].  It  was 
shown,  in  particular,  that  under  the  influence  of  natural  light 
propagating  along  a  magnetic  field,  the  atoms  become  "aligned."* 

6.  Orientation  of  nuclei 

If  the  nuclei  have  a  nonzero  spin,  then  the  interaction  between 
the  electron  and  nuclear  moments  causes  the  orientation  of  the  atoms 
to  be  accompanied  by  orientation  of  the  nuclei.  Attempts  were  made 


Pig.  8.11.  Optical  pumping 
by  exciting  with  polarized 

light  the  transition 
2  2 

^3/2  ^1/2  sodium 

atoms . 
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to  determine  this  orientation  from  anisotropy  of  the 
on  the  nuclei  of  alkall-metal  atoms  [102].  The  result  turned  out  to 
be  negative,  apparently  because  of  adsorption  of  atoms  on  the  vessel 
walls . 

If  the  ground  state  Is  diamagnetic,  then  the  method  of  optical 
pumping  makes  It  possible  to  obtain  a  pure  nuclear  orientation.  The 
first  experiments  with  odd  mercury  Isotopes  were  not  successful  be¬ 
cause  the  light  Intensity  was  not  sufficient  [103].  Positive  results 

201 

were  obtained  [104]  with  mercury  enriched  to  90^  with  the  Hg  Iso¬ 
tope.  The  optical  excitation  was  produced  by  natural  light  propagating 
In  the  direction  of  the  magnetic  field.  Thus,  alignment  of  the  nuclei 
was  obtained  In  these  experiments. 

7.  Magnetic  resonance  on  atoms  In  the  ground  state 

Optical  pumping  causes  the  paramagnetic  resonance  absorption  to 
Increase  appreciably.  Usually,  however,  the  detection  of  magnetic 
resonance  Is  carried  out  by  optical  methods  based  on  the  depolariza¬ 
tion  of  the  resonant  (optical)  radiation  resulting  from  transitions 
between  the  Zeeman  levels  under  the  Influence  of  the  radio  frequency 
field.  The  first  experiments,  carried  out  with  sodium  atoms  [IO5], 
have  shown  that  In  addition  to  the  resonance  peaks  corresponding 
to  the  transitions  AM  =  +1,  other  peaks  appear  If  the  Intensity  of  the 
radio  frequency  field  Is  sufficient  and  these  are  connected  with  the 
transitions  AM  =  +2,  +3,...  The  additional  peaks  appear  as  a  result  of 
absorption  of  2,  3#...  radio  frequency  quanta.  A  theoretical  analysis 
has  shown  [IO6]  that  the  Intensity  of  the  n-th  order  resonance  Is 
proportional  to  (Hj^/Hq)^^. 

Winter  [107]  has  predicted  the  possibility  of  resonance  on  mul¬ 
tiple  frequencies  even  when  the  atoms  contain  only  two  magnetic  sub- 
levels  each.  For  this  effect  to  appear  It  Is  necessary  that  the 
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radio  frequency  field  not  be  polarized  circularly,  but  that  It  con¬ 
tain  photons  of  differing  polarizations.  The  effect  was  observed  ex¬ 
perimentally  on  sodium  atoms  [108]. 

8.  Effect  of  extraneous  gases 

The  double  resonance  method  which  we  have  described  is  very  con¬ 
venient  for  the  study  of  the  influence  of  extraneous  gases  on  the 
orientation  of  the  Investigated  atoms.  If  the  atoms  are  oriented  and 
are  an  excited  state,  then  it  is  well  known  that  collisions  with  the 
molecules  of  the  extraneous  gas  will  cause  depolarization  of  the 
resonant  radiation  [76],  since  the  collisions  mix  up  the  states  with 
different  values  of  M. 

Oriented  atoms  In  the  ground  states  are  affected  by  the  extrane¬ 
ous  gases  In  two  ways: 

a)  First,  the  extraneous  gases  produce  disorientation,  as  in  the 
case  of  excited  atoms; 

b)  second,  they  play  the  role  of  a  buffer  preventing  the  atoms 
from  colliding  with  the  vessel  walls. 

If  the  density  of  the  extraneous  gases  Is  relatively  low,  the 
buffer  action  plays  the  principal  role  and  brings  about  an  increase 
in  the  resonant  absorption  intensity  by  a  factor  10-15  [99>  IO9]. 

If  in  the  absence  of  Impurities  the  straight  line  motion  of  the  atoms 
is  interrupted  predominantly  because  of  collisions  with  the  vessel 
walls,  then  in  the  presence  of  extraneous  gases  the  trajectory  of 
the  atoms  becomes  zlgzagllke  and  therefore  the  orienting  action  of 
the  incident  light  becomes  more  prolonged.  This  effect  increases  with 

O 

increasing  mass  of  the  extraneous  gas  molecules.  Atoms  in  the  S-^/2 
state  are  less  sensitive  to  collisions.  Dicke  [110]  has  predicted  that 
the  collisions  should  give  rise  not  only  to  an  increase  in  the  in¬ 
tensity  but  also  to  a  narrowing  of  the  resonance  line.  This  was  soon 
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observed  In  experiment  [111]. 

In  conclusion,  let  us  dwell  on  several  prospects  In  the  develop¬ 
ment  of  the  method  of  double  optical- radio  frequency  resonance. 

a)  The  measurement  accuracy  of  ordinary  optical  spectroscopy  Is 
limited  by  the  Doppler  broadening  of  the  lines.  The  double  resonance 
method  which  we  described  Is  free  of  this  shortcoming,  making  It 
valuable  for  measurement  purposes. 

b)  Investigations  made  on  vapors  In  the  presence  of  extraneous 
gases  yield  valuable  experimental  material  for  the  theory  of  collisions 
of  oriented  atoms.  The  weak  Influence  of  the  collisions  on  the  orienta¬ 
tion  of  the  atoms  can  be  used  to  orient  radioactive  nuclei  and  to 
obtain  polarized  electrons  [112]. 

c)  In  the  experiments  which  we  described,  optical  methods  play  a 
double  role;  1)  they  are  used  for  selective  excitation  of  the  atoms; 

2)  they  are  used  to  detect  radio  frequency  resonance.  Interesting  re¬ 
sults  can  be  obtained  by  combining  optical  methods  with  other  methods 
for  either  selective  excitation  of  atoms  or  detection  of  magnetic 
resonance . 

Let  us  point  out  some  possible  combinations  which  have  yielded 
positive  results: 

1)  Selective  excitation  of  atoms  can  be  carried  out  by  the 
Frank  and  Hertz  method  of  inelastic  electron  collisions,  while  detec¬ 
tion  of  magnetic  resonance  can  be  carried  out  by  the  optical  method; 
Dehmelt  [113]  investigated  in  this  fashion  magnetic  resonance  on  the 
metastable  mercury  state  6  Pg,  and  Pebay-Peyroula  [114]  made  measure- 

O 

ments  for  the  6  level; 

2)  we  have  already  mentioned  that  Rabl  [90]  combined  optical 
excitation  and  resonance  detection  by  the  Stern  and  Qerlach  beam 
method; 
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3)  selective  excitation  can  be  carried  out  by  optical  means,  and 
detection  by  ordinary  methods  of  paramagnetic  resonance  [II5]. 

d)  Great  Interest  attaches  to  the  use  of  optical  pumping  In 
solids.  The  suitability  of  the  substance  for  this  purpose  is  deter¬ 
mined  by  the  following  two  conditions:  l)  the  spin-lattice  relaxation 
time  should  be  longer  than  the  duration  of  one  cycle  of  optical  pump¬ 
ing;  2)  optical  transitions  should  exist  in  a  practically  convenient 
frequency  region.  A  preliminary  study  [II6]  has  shown  that  these 
conditions  can  be  satisfied  above  all  by  salts  of  ions  in  the  S  state. 
Apparently  the  most  suitable  ones  are  salts  of  divalent  europium. 

We  note  that  the  changeover  to  solids  is  particularly  important 
for  experiments  with  oriented  nuclei,  since  the  use  of  gases  is  in¬ 
convenient,  owing  to  the  disorienting  action  of  adsorption  on  the 
vessel  walls. 

3)  It  is  possible  to  obtain  by  the  optical  pumping  method  a 
higher  population  for  the  upper  Zeeman  levels  as  compared  with  the 
lower  ones .  It  follows  therefore  that  this  effect  can  be  used  to 
construct  a  low  noise  amplifier  or  generator  [112].  The  need  for 
using  rarefied  gases  so  as  to  avoid  multiple  incoherent  scattering 
of  the  photons  greatly  limits  the  practical  applications  of  such  de¬ 
vices.  They  may,  however,  turn  out  to  be  quite  valuable  as  frequency 
standards . 
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No.  [Footnotes] 

407  It  should  be  remembered  that  g„  may  be  either  positive  or 

negative.  ” 

421  Such  devices  are  customarily  called  masers  abroad,  which 
stands  for  "microwave  amplification  by  stimulated  emission 
of  radiation." 

422  We  know  that  such  splittings  can  be  readily  attained  In 
magnetic  fields  of  readily  accessible  Intensities. 

423  This  formula  pertains  to  an  amplifier  that  Is  turned  on 
with  the  aid  of  a  ferrite  circulator. 

425  The  misprints  that  have  crept  Into  the  formulas  [45]  have 
been  corrected  In  [46]. 

455  Alignment  of  atoms,  unlike  their  polarization,  denotes  that 
levels  with  magnetic  numbers  M  and  -M  have  equal  popula> 
tlons;  levels  with  different  M  are  unequally  populated. 
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